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Temporal and vertical distributions of IP25 and other lipid biomarkers in sea ice 
from Resolute Bay, Nunavut, Canada. 
By 
Ashleigh E. Ringrose 
ABSTRACT 
 
IP25 (Ice Proxy with 25 carbon atoms) is a highly branched isoprenoid biomarker, 
specifically produced by marine diatoms in Arctic sea ice. Temporal and vertical IP25 
concentrations were measured in sea ice from a second location in the Canadian Arctic, 
Resolute Bay, Nunavut. Sea ice samples were collected as part of the Arctic ICE project 
in collaboration with scientists of the University of Manitoba from April to June 2011. 
Comparisons were made between other established lipid biomarkers of diatom origin 
and general organic production, along with previously established temporal and vertical 
distributions in sea ice collected from the Amundsen Gulf, from January to June 2008. 
IP25 was present in sea ice from a second location in the Canadian Arctic over the spring 
sea ice bloom period and concentrations correlated well with those of chlorophyll a (r = 
0.81; n = 10; P < 0.05). IP25 and chlorophyll a were present throughout sea ice cores. 
Accumulation of IP25 and chlorophyll a were highest (89% - 99%) in the lower 3 cm, 
whereas vertical distributions of fatty acids were more distributed throughout the sea ice 
cores. Overall accumulation of IP25 in the lower section of the sea ice was found to be 
affected by snow cover. 
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CHAPTER ONE 
1.0 INTRODUCTION 
1.1 The Arctic Environment 
1.1.1 Climate warming 
Due to rapid climate change, the Arctic is currently one of the fastest warming regions 
in the world, warming on average 1.9 times faster than the global mean (Winton, 2006). 
The annual land-surface air temperature has risen by 0.09
o
C per decade between 1900 
and 2002 (McBean, 2005), whilst January sea surface temperatures in the Barents Sea 
have risen by 0.5-1.0 
o
C from 2005 to 2012 (NOAA, 2012). More evidence of Arctic 
warming is shown by the reduction in sea ice extent (Fig. 1.1) (NSIDC, 2012a). The 
extent of Arctic sea ice reduced at an average annual rate of approximately 45,100 km
2
 
(±4,600 km
2
) per year from 1979 to 2006 (Parkinson and Cavalieri, 2008). In January 
2012, the winter sea ice extent averaged 13.7 million km
2
, 1.1 million km
2
 below the 
1979 to 2000 winter average and the summer 2012 sea ice extent reached a record low 
(3.41 million km
2
) since satellite data was first recorded in 1979. Further studies have 
also shown that the thickness of multiyear ice has reduced by at least 40% over the past 
30 years (Liu et al., 2004; Rothrock et al., 1999). Predictions using climate models 
simulate complete or nearly complete loss of multiyear sea ice in the Arctic as early as 
2040 (Holland et al., 2006; Wang and Overland, 2009).  Melting of sea ice and 
reduction in snow cover are related to greenhouse warming through the Albedo effect 
(Fig. 1.1). As snow and ice reflect more solar radiation than open water, soil or 
vegetation, it is postulated that sea ice depletion will amplify greenhouse warming by 
10 to 20 % globally (Reuss and Poulsen, 2002). There are a number of mechanisms 
thought to affect the melting of sea ice and climate forcing in the Arctic, Barber et al. 
2 
 
(2012) provides an overview of these. For example an increase in sea surface 
temperature has been associated with a decline in the sea ice extent through changes in 
latent ocean heat (Zhang, 2005). Sea surface temperatures are also affected by an 
increase in first year ice and decrease in stable multiyear ice, as the increase in annual 
open water gives rise to solar radiation and absorption into the ocean, decreasing the 
Albedo effect (Lindsay and Zhang, 2005; Woodgate et al., 2006). This increase in 
fragile first year ice has made the ice cover more susceptible to regional atmospheric 
forcing. Large-scale atmospheric changes can also result in pole-ward retreat of sea ice 
(Barber et al., 2012) and an increase in the break-up, resulting in more mobile pack ice.  
Melting of Arctic sea ice could also result in changes to the current food web structure 
and a reduction in biodiversity (Gill et al., 2011) as the sea ice is vital for providing a 
habitat for polar marine organisms. Retreat of the sea ice may also have implications for 
Inuit populations (ACIA 2005). Some communities from Arctic regions in Canada, 
Norway, the USA, Finland and Russia depend on hunting and fishing for their 
livelihoods. As food web dynamics in the Arctic marine ecosystem change, indigenous 
people, who depend on some of these animals for survival, may be affected by these 
changes first and most intensely (ACIA 2005). Changes in timing of freeze-up and 
breakup of the sea ice may affect the safety, transportation and annual food security of 
northern communities in the Arctic. Further investigation into the physical factors of 
climate change will lead to ensuring adaptability of northern communities to their 
currently changing environment in which they live. Reduction of sea ice may also have 
a significant impact on seasonal shipping and industrial development in the Arctic. As 
sea ice has an important role to play in the Arctic ecosystem, it is vital we increase our 
understanding of the possible impacts of climate change on the polar environments to 
ensure further understanding of environmental and socio-economic implications. 
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Figure 1.1 Arctic sea ice extent (NSIDC, 2012a) and schematic of the Albedo Effect (α) over ice/snow covered 
waters and open water (adapted from (NSIDC, 2012b)). 
 
1.1.2 Arctic sea ice 
As sea ice is frozen salty water, it forms, grows and melts over the oceans in the Polar 
regions. Icebergs and glaciers differ from sea ice in that they are formed from fresh 
water or compacted snow and originate on land. Sea ice in the Arctic is present in 
different forms with varying area, thickness and distribution.  
Arctic sea ice varies with the season. Ice that remains during the summer season is 
known as multi year ice, this is thick ice that has built up over extended periods of time. 
In the summer months there are also usually large open areas of water or thin-ice. The 
water temperature in the summer is normally higher than the freezing point due to 
increased solar-radiation. The Arctic sea ice that melts during the summer and forms 
Ice with snow 
α = 0.9 
1 
0.1 
Bare ice 
α = 0.5 
 
1 
0.5 
Open water 
α = 0.06 
1 
0.94 
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during the winter is known as first year ice (Thomas and Dieckmann, 2010). In the 
winter months, the amount of Arctic sea ice increases as temperatures fall. Large areas 
of both multi-year and first-year ice form. Polynas in the winter can also form further 
ice as the openings, created by the topography of the ocean floor, create space for the 
ice crystals to aggritate together at the surface. 
Sea ice classifications and types are mainly categorised by ice thickness and structure of 
the ice within a floe. Sea ice can range from a few centimetres to metres thick however 
generally multi year ice is thicker than first year ice.   
Sea ice is formed from frazil crystals (typically 3-4 millimetres in diameter) floating to 
the surface, accumulating and aggregating together (NSIDC, 2012c). In calm 
conditions, such as those found in a fjord or bay close to land, ice forms a thin and 
smooth layer of ice called grease ice. Grease ice develops into a continuous thin sheet 
called nilas, which gradually thickens due to currents and winds pushing sheets of nilas 
on top of each other, in a process known as rafting. The resulting thick and more stable 
ice, with a smooth bottom surface, is known as congelation ice. This ice can further 
develop in thickness by formation of long congelation crystals on the bottom of the ice, 
advancing vertically downwards. In aggitated conditions, usually further out to sea, ice 
forms and breaks apart easily, resulting in smaller pieces called pancake ice (Rafferty, 
2011). Rafting can then bring these pieces together to form large ice sheets with rough 
edges, resulting from movement as pieces collide with one another. If the ice is thick 
enough, ridging sometimes occurs when the sea ice sheets bend or fracture and pile on 
top of each other. In the Arctic, ridges can be up to 20 m thick. Eventually, a rough-
bottomed ice sheet is formed when further pieces are aggregated together, a contrast to 
the smooth-bottomed ice sheets formed in calm conditions. Over the winter these ice 
sheets continue to grow, however if the ice is not thick enough when the warmer 
temperatures are reached in summer, the ice will melt (first year ice). If the ice is thick 
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enough, it will remain over summer until the next winter when it will grow and continue 
to thicken  (multi year ice). A simple schematic of sea ice formation is shown in Figure 
1.2. 
As temperature and salinity measured in sea ice samples have a functional linear 
relationship (Thomas and Dieckmann, 2010) and temperature changes have a strong 
influence on the production of brine in sea ice (Petrich and Eicken, 2010), temperature 
and salinity are major influences of the structure of sea ice (Golden et al., 2007; Thomas 
and Dieckmann, 2010). Sea water contains many ions including Na
+
, Mg
2+
, K
+
, Cl
-
, 
SO4
2-
, CO3
2-
 and Ca
2-
. The crystal lattice structure of sea ice is resistant to the 
incorporation of these sea salt ions, therefore they are rejected from the structure when 
sea ice forms. These salt ions are rejected in the form of brine through channels that are 
formed by expulsion and gravity drainage of brine pockets in the sea ice (Eide and 
Martin, 1975). These micro and macroscopic channels allow organisms, including 
algae, to inhabit the sea ice. As the salt ions are rejected from the downward advancing 
ice, the salt builds up ahead of the advancing interface. This increases the salinity of a 
thin layer of ice at the bottom that is at the respective melting/freezing point and is of 
both solid and liquid properties. This increase in salt concentration then leads to 
diffusion into the ocean out of the brine channels (Thomas and Dieckmann, 2010).  
Sea ice melt is partly dependent on the Albedo of the ice/snow and levels of solar 
radiation penetrating it during the summer months (NSIDC, 2012b).  As snow and the 
surface of the ice start to melt, meltponds form ontop of the ice floes. As these deepen 
and the ice carries on melting the Albedo continues to decrease, thus increasing the 
absorption of solar radiation and increasing the rate of melt. Sea ice can also melt from 
underneath without direct solar radiation. If the underlying and surrounding surface sea 
water has a temperature above the freezing point, typically in leads or polynyas, this 
will begin to melt the bottom and side surfaces of the ice floe. 
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Figure 1.2. Simple schematics of a) sea ice formation in calm and rough conditions and b) brine channels in sea ice 
along with c) a photograph in natural light showing elongated brine channels between ice crystals (image taken from 
www.nsidc.org courtesy of Ted Maksym, United States Naval Academy). 
 
1.2 The Arctic ecosystem 
1.2.1 Marine primary production 
There are two important habitats for Arctic marine primary production; sea ice and open 
water. In these two marine environments, different algal species grow; algae on the 
underside and within the seasonal sea ice (Syvertsen, 1991) and phytoplankton growing 
in the open waters (Round, 1981). Ice formation processes are important for the initial 
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incorporation of organisms into the developing sea ice, including bacteria, protists and 
metazoans. Mechanisms of incorporation include scavenging of frazil ice crystals 
(Ackley, 1982) and wave fields that pump water through grease ice, trapping organisms 
between the ice crystals (Ackley, 1987).  
The amount of sunlight available, due to ice and snow cover (Palmisano et al., 1985) 
and seasonal variability of day light hours (Lee et al., 2008), are key factors affecting 
the amount of algal growth. Other important factors include salinity (Grant and Horner, 
1976), temperature (Arrigo and Sullivan, 1992) and availability of nutrients (Lizotte and 
Sullivan, 1992). In ice covered regions, the bottom few centimetres of ice containing the 
algae is the main source of food for the ecosystems below (Gosselin et al., 1997; 
Thomas and Dieckmann, 2010). During spring, there is an enhancement in this ice-
associated algae as it is the optimal period for growth (Brown et al., 2011; Smith et al., 
1993). In summer, the algae and nutrients, previously within and attached to the 
underside of the ice, are released into the water column in pulses (Brown, 2011; 
Hegseth, 1998). The associated bloom is initiated by increased solar radiation, 
stratification induced ice melting and abundant winter-accumulated nutrients 
(Wassmann et al., 2006a). The rapid sinking of ice algae provides an early season food 
source for the benthic community (Morata et al., 2010; Renaud et al., 2007).  
1.2.2 Diatoms 
 One of the most common primary sources of organic matter in the Arctic marine 
environment are the unicellular photosynthetic protists, diatoms. Diatoms are eukaryotic 
single celled colonial organisms found in marine and terrestrial environments and  make 
up the majority of sea ice algae in the Arctic. They are responsible for around one fifth 
of the world’s primary production (Falkowski et al., 1998) with annual average Arctic 
primary production estimates at approximately 26 g C m
-2
 y
-1 
(Sakshaug, 2004). 
Characterised by their silica cell walls called frustules (Rampen, 2009), marine diatoms 
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have two main types; pennate and centric. Pennate diatoms are thin, lenticular in shape 
and found attached to substrate, such as sea ice, these include Nitzschia spp. and Haslea 
spp. Centric diatoms, including Chaetoceros spp. and Thalassiosira spp., are circular in 
shape, bouyant and found mostly in the water column  (Booth and Horner, 1997; 
Falkowski et al., 1998; Gran, 1904).  
Diatom assemblages can be used to monitor environmental changes and in some cases 
the implications of long-term human impacts on the environment. For example 
sedimentary diatom assemblages can give detailed information of eutrophication trends 
in lakes. For example Anderson (Anderson, 1989) studied the eutophication of the lake 
Lough Augher in Northern Ireland, due to untreated sewage effluent from a local 
manufacturer. This was determined through diatom assemblages identified within the 
sediment. Diatoms have also been used as indicators of pH and to measure surface-
water acidification. In certain areas of the UK which are prone to low or high levels of 
acid deposition (acid rain), diatom assemblages along with other chemical and 
biological indicators, are monitored as part of national monitoring programmes 
(Battarbee et al., 2010).  
Diatoms can also be used as paleo primary production indicators (Chmura et al., 2004) 
and variation in diatom species in sediment cores can provide information on paleo sea 
ice cover (Gersonde and Zielinski, 2000). For example, Gersonde and Zielinski found 
that abundance changes in the diatom taxa Fragilariopsis curta and Fragilariopsis 
cylindrus, within sediment cores collected in the Antarctic, was a robust identification 
tool for the winter sea ice extent.  
1.2.3 Consumers 
Sea ice in the Arctic has been established as a prime environment for primary 
consumers (Laurion et al., 1995; Sime-Ngando et al., 1997). Some of these species live 
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within the ice, such as copepods (Fig.1.3c) and nematodes (Fig.1.3f) and are known as 
in-ice fauna (Thomas and Dieckmann, 2010). Other larger metazoan species are known 
as under-ice macrofauna and include species such as amphipods and fish that live in 
close proximity to the under side of the ice (Gradinger and Bluhm, 2004) (Fig. 1.3). 
This densely packed food source of sea ice algae on the underside and within ice can be 
much more favourable to consumers when phytoplankton concentrations are low, 
especially in the spring season. For example, the nearshore amphipod Onismus litoralis 
feeds almost exclusively on sea ice algae in the spring time; feeding primarily on 
pennate sea ice diatoms (Carey and Boudrias, 1987). 
1.2.4 Predators 
Polar cod (Boreogadus saida) (Fig. 1.3a), is an important species in the Arctic food web 
as it feeds on sympagic fauna and directly on sea ice algae. Its predators include black 
guillemots (Cepphus grylle), Brünnich's guillemots (Uria lomvia) (Bradstreet, 1979) 
and ringed seals (Phoca hispida) (Finley et al., 1983). In ice-covered regions, polar cod 
rely on the ice for both protection against predators and as a feeding habitat (Gradinger 
and Bluhm, 2004; Welch et al., 1992). In winter they have also been observed in ice-
covered regions near the bottom of the water column in shallow shelves (first suggested 
by Welch et al. in 1992), possibly avoiding predation by diving seals (Benoit et al., 
2008) or following their prey such as amphipods (personal observations). Ringed seals 
depend on stable annual ice and sufficient snow coverage for lairs while seal pups rely 
on the ice for initial growth and development (Thomas and Dieckmann, 2010). Polar 
bears (Ursus maritimus) (Fig. 1.3k) are known to feed on ringed seals as their primary 
prey (Amstrup et al., 2001). They use the sea ice as a platform for travelling, mating and 
feeding, and so live out most of their lives on the sea ice (Derocher, 2012; Stirling et al., 
1999). These populations of primary production, consumers and predators have great 
influence on Inuit sustainability as they contribute significantly to food sources of Inuit 
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communities (IPY-API, 2010). A few examples of polar species that rely on sea ice 
presence and the primary sources of food within are shown in Fig. 1.3. 
 
 
 
 
 
 
 
 
 
 
Figure 1.3. Examples of Arctic ice-associated fauna. a) Polar cod (Photograph by Thomas Brown), Boreogadus 
saida, b) Sympagohydra tuuli, c) Apherusa glacialis, d) turbellarian, e) Copepod nauplius, f) nematode, g) 
Gammarus wilkitzkii, h) Hesionidae juvenile, i) Mertensia sp. (Thomas and Dieckmann 2010), j) Onisimus nanseni, 
photograph by Mikko Vihtakari, MOSJ cruise and k) Polar Bear (Ursus maritimus), photograph by Ashleigh 
Ringrose. 
 
1.2.5 The effects of climate change on Arctic food webs 
Predictions of Arctic sea ice retreat and information of species reliance on the habitat 
and food source within, may allow effects of climate change on Arctic food webs to be 
anticipated in the future.  
Prehistoric Heinrich events, have been widely studied to gain a wider understanding of 
possible future climate change effects. By analysing prehistoric, rapid and abrupt past 
climatic events, a better understanding of the environments response to a similar 
climatic event, currently predicted partly due to human-impact, may be provided. 
Heinrich events are climate transitions which are linked to discharges of ice-bergs from 
the Northern Hemisphere that melt in the North Atlantic. Using sediment analysis from 
these prehistoric events, Cermeño and co-workers have predicted that marine diatom 
(j) 
(k) 
(a) 
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communities will respond to future, climate-induced environmental changes through 
variation in species abundance.  However, they also suggested marine diatom 
communities will also be able to maintain the potential to shift back to previous states if 
the environmental conditions are re-established (Cermeño et al., 2013). 
Phytoplankton, inlcuding sea ice algae (made up partly by marine diatoms), produce 
organic molecules such as polyunsaturated fatty acids (PUFAs) that are vital in animal 
diets (Søreide et al., 2010). Some animal species cannot synthesise these themselves 
(Nichols, 2003), resulting in malnutrition, stunted growth and death (Yongmanitchai 
and Ward, 1989). Shifts in animal populations that heavily rely on sea ice algae for their 
intake of PUFAs may be observed due to a reduction in accessibility to these vital 
compounds. 
Alternative predictions of climate induced changes to the Arctic ecosystem show an 
overall increase of  primary production of more than 30% (Wassmann et al., 2006b), 
however with a greater contribution from open water phytoplankton and less from sea 
ice algae (Horner and Schrader, 1982; Hsiao, 1992). This switch between the 
availability of primary production sources may induce feeding habbit changes of 
consumers that rely mainly on sea ice algae. This will add demand for vital compounds, 
such as PUFAs, from open water phytoplankton.  
Changes in Calanus species dominance due to temperature shifts have also been 
predicted; a warmer Arctic with reduced ice cover and new phytoplanktonic bloom 
regimes would favour the smaller and less lipid rich Calanus finmarchicus (Falk-
Petersen et al., 2007). This in turn, may reduce populations of the little auk (Alcidae 
alle) and minke whale (Balaenoptera acutorostata). Arctic ringed seals have long 
lactation periods, usually 36 to 41 days (Hammill et al., 1991). Pups obtain 93% of their 
first year growth during this suckling period (Smith, 1987). Absence of stable ice 
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throughout this period may make this species vulnerable. This could potentially result in 
slower growth and higher mortality rates of the ringed seal, with retreat of their vital 
habitat (Smith and Harwood, 2001).  The effects of climate change on Arctic food webs 
are difficult to measure. Some methods of monitoring these effects include using 
satellite imagery to measure sea ice extent changes and animal population monitoring. 
Chemical biomarkers are also useful when monitoring the effects of climate change. For 
example, the unsaturation index U
K
37 of long chain alkenones, produced by 
coccolithophores, provides information of past sea surface temperatures (Brassell et al., 
1986). Another index to investigate past sea surface temperatures is TEX86. This uses the 
number of cyclopentane moieties in glycerol dialkyl glycerol tetraethers (GDGTs) as an 
indicator of temperature, an increase in rings corresponds to an increase in production 
temperature.  
1.3 Biomarkers found in the Arctic marine environment 
A molecular biomarker is a chemical indicator of a process that cannot be measured and 
evaluated directly. Biomarkers can be chemical finger prints of the organism from 
which they are produced. They can indicate the existence, either past or present, of 
biological sources and environmental states or changes. 
1.3.1 Fatty acids 
Fatty acids are a set of common biomarkers used to study food webs in marine 
ecosystems (Nichols et al., 1986). Saturated and unsaturated fatty acids are important 
for storing energy and maintaining cell fluidity at low temperatures (Gillan et al., 1981; 
Sicko-Goad et al., 1988) and some, including C18:0, are ubiquitous. Some fatty acids 
including C14, C16:1ω7 and C16 (FI, FII, FIII; Fig. 1.4) are believed to be representative 
of marine diatoms (Dunstan et al., 1993; Opute, 1974; Volkman et al., 1998; Zhukova 
and Aizdaicher, 1995). Discriminating between a sea ice and/or phytoplanktic origin 
however is not possible. Despite the lack of clarity of fatty acid primary source origins, 
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their relative abundances can give information towards changes in the environment, 
such as algal blooms (Brown et al., 2011; Reuss and Poulsen, 2002) and overall primary 
productivity (Rampen et al., 2010).   
1.3.2 HBIs 
A third class of biomarkers are highly branched isoprenoids (HBIs) which, unlike fatty 
acids, are resticted in terms of their origin. HBIs are produced by some diatomaceous 
algae including; Haslea spp. (Allard et al., 2001; Johns et al., 1999; Volkman et al., 
1994; Wraige et al., 1997), Rhizosolenia sp. (Sinninghe Damsté et al., 1999), and 
Pleurosigma sp. (Belt et al., 2000). HBIs are branched hydrocarbons with usually 20, 25 
or 30 carbon atoms, with between at least 1 and 6 double bonds (Volkman et al., 1994; 
Wraige et al., 1997).  
C25 HBIs were first found in sediment  in 1976 (Gearing et al., 1976), later the structure 
and biological source were identified (Robson and Rowland, 1986; Volkman et al., 
1994). The extent of unsaturation in Haslea ostrearia was found to be temperature 
dependent (Rowland et al., 2001). Therefore it was hypothesised that a monoene HBI 
would be present at temperatures lower than 5
o
C. IP25 (I; Fig. 1.4) is an HBI with one 
double bond and was identified in Arctic sea ice (Belt et al., 2007) and recognised to 
have a likely sea ice source, based on stable carbon isotope analysis (Belt et al., 2008).   
The curent understanding of the role of HBIs and specifically IP25 in marine diatoms is 
unknown. However a broad hypothesis can be made to suggest the purpose of HBIs 
being similar to other lipids such as fatty acids and sterols, to store energy and to be 
constructural constituents in diatom cells. To date, the individual species of diatom 
responsible for producing IP25 have not been identified due to the absense of IP25 from 
laboratory culturing experiments. This was possibly due to a lack of facilities to 
accurately create minus temperatures, similar to the natural environment. However it is 
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likely that either Haslea spp. or Navicula spp. (or both) are the diatom sources, as these 
diatom genera are known to produce C25 HBIs in culture and both have been found in 
sea ice samples containing IP25 (Belt et al., 2007; Brown, 2011).  
It is also hypothesised that temperature is the controling factor that localises the 
production of IP25 to the sea ice rather than the open water. For the past five years IP25 
has been used to map former sea ice cover throughout the Holocene period and has 
provided information towards climate reconstruction and prediction models (Belt et al., 
2010; Gregory et al., 2010; Müller et al., 2009; Vare et al., 2009). 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.4 Molecular structures of analytes in the current study. IP25 (I), C25:2(5/6) (IIa), C25:2(6/17) (IIb), C25:3(7/20) E 
(III), silylated fatty acids C14 (FI), C16:1ω7 (FII), C16 (FIII), C18:1ω7 (FIV) and C18 (FV).
I IIa 
IIb III 
FIV 
FII 
FIII 
FI 
FV 
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CHAPTER TWO 
2.0 THE CURRENT STUDY 
2.1 Previous work: IP25 in sea ice 
IP25 was first identified in sea ice from three separate locations in the Canadian sub and 
high Arctic; Button Bay, McDougall Sound and Franklin Bay (Belt et al., 2007) (Fig. 
2.1). To give further understanding of the production of IP25, temporal and vertical 
distributions were investigated in sea ice collected from the Amundsen Gulf in 2008 
(Brown et al., 2011) (Fig. 2.1). The majority of IP25 production (ca. 90%) in the 
Amundsen Gulf took place from mid-March to the end of May and peak concentrations 
reached 310 pg mL
-1
 in early May (Brown et al., 2011). As IP25 production paralleled 
the main production interval of other biomarkers (chlorophyll a, fatty acids, sterols and 
diatom cell abundances) and was not detected in sea ice samples from mid-winter to 
early spring, it was concluded that IP25 was synthesised during the spring bloom (Brown 
et al., 2011).  In terms of vertical distributions, peak IP25 concentations occurred close 
to the ice-water interface (ca. 1-3 cm). The majority of IP25 production (>85%) was 
found within ice sections that had brine volume fractions >5% (Brown et al., 2011), 
which is required for diatom colonisation and growth (Brown et al., 2011 and references 
therein). 
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Figure 2.1. Previous sea ice sampling  locations for IP25 analysis. Symbols denote the following; ● Button Bay, ♦ 
McDougall Sound, ▲ Franklin Bay, ■ Amundsen Gulf. 
 
 
2.2 Aims and objectives of this study 
Initial findings of the environmental influences affecting IP25 production in sea ice and 
its temporal and spatial distributions have been investigated in the Amundsen Gulf. To 
be able to use this specific biomarker in future studies across the Arctic, more temporal 
and spatial information needs to be provided. Therefore the main aim of this study was 
to give further understanding of the occurrence and accumulation of IP25 and other lipid 
biomarkers in Arctic sea ice. This was achieved by the following objectives: 
i. To investigate concentration changes in IP25 and other lipid biomarkers 
in Arctic sea ice from Resolute Bay over the spring period 
ii. To investigate relationships between concentrations of IP25 and other 
indicators of general sea ice primary production in sea ice from Resolute 
Bay 
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iii. To investigate concentration changes in IP25 and other lipid biomarkers 
vertically within Arctic sea ice from Resolute Bay 
iv. To investigate the effect (if any) of snow cover on IP25 and other lipid 
concentrations in sea ice from Resolute Bay 
v. To compare timing and concentrations of these lipid biomarkers in sea 
ice between Resolute Bay and previous data from the Amundsen Gulf in 
the Canadian Arctic 
2.3 Study location 
The Resolute Passage in the centre of the Canadian Arctic Archipelago (Fig. 2.2) has a 
maximum depth of 168 m and land-fast sea ice can be up to 2 m thick, persistent from 
November to July (Siferd and Conover, 1992). This area has been a popular study site 
for many multidisciplinary ice algal ecosystem and carbon flow studies (Fukuchi et al., 
1997; Michel et al., 2006; Smith et al., 1988; Vézina et al., 1997; Welch et al., 1992). 
Located on the south coast of Cornwallis Island, Resolute Bay (74
o41’N, 094o52’W) is 
a small inuit hamlet in Nunavut, Canada. 
 
2.4 Sample collection 
The process described here was carried out by scientists from the University of 
Manitoba, participating on the Arctic ICE project in 2011. Replicate ice cores (Table 
2.1) were sampled with a Kovacs ice corer in an approximate 0.17 miles
2
 (0.27 km
2
) 
sampling area and sectioned into five sections, usually with the same or similar 
horizons. For simplicity of this study, these sections will be denoted as the following; 
section A (0-3 cm; zero being the ice/water interface), section B (3-10 cm), section C 
(approx.10-60 cm), section D (approx. 60-110 cm) and section E (approx. 110 to the top 
of the core). The same section from each core was then pooled together to take into 
account for environmental variability and added to filtered sea water (100 ml for every 1 
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cm of sea ice). This minimises cell lysis which is the breakdown of a cell, due to 
osmotic shock (Thomas and Dieckmann, 2010). The addition of filtered sea water 
ensures that little additional organic matter is added. Ice cores with filtered sea water 
were then left to melt in the dark at the room temperature of the vessel (24 h). The 
sealed container was swirled to make sure the mixture was homogeneous and a sub 
sample (100 – 3900 mL) was filtered under vacuum onto a glass fibre filter (GF/F; 0.7 
μm), flash frozen at -80oC and then stored at -20oC until further analysis (Fig. 2.3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2. a) A map of the Canadian Arctic Archipelago region and Greenland. Resolute Bay is indicated by● and 
McDougall Sound is indicated by ♦. b) A map of the study site in comparison to Resolute Bay for the Arctic ICE 
project 2011. 
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Figure 2.3. Schematics of a) sea ice core sectioning and b) sea ice core filtration method.  
 
 
 
 
 
 
 
 
a) 
E 
D 
C 
B 
A 
47 mm GF/F 
Fraction of total was filtered onto 
glass fibre filter 
b) 
Specific sections from 
three replicate cores 
were pooled, added to 
filtered sea water and 
left to melt in the dark 
Filtered sea water 
Filtered sea water 
and melted sea ice 
A A A 
20 
 
Table 2.1. Summary of the sea ice core sampling in Resolute Bay during the Arctic ICE project 2011. Low, medium 
and high snow cover represented by L, M and H. 
Date Station ID Lat. (N) Long. (W) 
Averaged ice 
thickness of 
pooled cores (cm) 
Horizon 
(cm) 
Snow depth 
category 
Average snow cover 
of pooled cores (cm) 
Number of 
cores 
pooled 
27/04/11 AI1 74
o
43.161 95
o
09.974 158.3 0-3 L 5.6 3 
27/04/11 AI1 74
o
43.163 95
o
09.965 158.6 0-3 M 13 3 
27/04/11 AI1 74
o
43.162 95
o
09.953 161 0-3 H 23.6 4 
01/05/11 AI2 
74°43.161 95°09.919 
155.6 0-3 L 7.6 3 
01/05/11 AI2 
74°43.159 95°09.938 
No data provided 0-3 M 17 3 
01/05/11 AI2 
74°43.157 95°09.947 
181.6 0-3 H 29.3 3 
01/05/11 AI2 
74°43.159 95°09.938 
 3-10 M  3 
01/05/11 AI2 
74°43.159 95°09.938 
 10-57 M  1 
01/05/11 AI2 
74°43.159 95°09.938 
 57-107 M  1 
01/05/11 AI2 
74°43.159 95°09.938 
 107-157 M  1 
05/05/11 AI3 
74°43.165 95°09.868 
160 0-3 L 7.6 3 
05/05/11 AI3 
74°43.164 95°09.982 
137.6 0-3 M 22 3 
05/05/11 AI3 
74°43.158 95°09.911 
142 0-3 H 20.3 3 
10/05/11 AI4 
74°43.166 95°09.864 
159.6 0-3 L 12 3 
10/05/11 AI4 
74°43.167 95°09.851 
161.5 0-3 M 14 3 
10/05/11 AI4 
74°43.168 95°09.827 
134.6 0-3 H 23.2 3 
10/05/11 AI4 
74°43.167 95°09.851 
 3-10 M  3 
10/05/11 AI4 
74°43.167 95°09.851 
 10-50 M  1 
10/05/11 AI4 
74°43.167 95°09.851 
 50-110 M  1 
10/05/11 AI4 
74°43.167 95°09.851 
 110-150 M  1 
15/05/11 AI5 
74°43.162 95°09.740 
154.8 0-3 L 7.8 3 
15/05/11 AI5 
74°43.160 95°09.750 
142 0-3 M 18.6 3 
15/05/11 AI5 
74°43.161 95°09.769 
139.8 0-3 H 27 3 
19/05/11 AI6 
74°43.171 95°09.665 
155.2 0-3 L 8 3 
19/05/11 AI6 
74°43.171 95°09.653 
150.8 0-3 M 13.7 3 
19/05/11 AI6 
74°43.168 95°09.678 
153.2 0-3 H 24.3 3 
19/05/11 AI6 
74°43.171 95°09.653 
 3-10 M  3 
19/05/11 AI6 
74°43.171 95°09.653 
 10-60 M  1 
19/05/11 AI6 
74°43.171 95°09.653 
 60-110 M  1 
19/05/11 AI6 
74°43.171 95°09.653 
 110-164 M  1 
23/05/11 AI7 
74°43.144 95°09.699 
154.8 0-3 L 8.5 3 
23/05/11 AI7 
74°43.150 95°09.659 
152.6 0-3 M 12.2 3 
27/05/11 AI8 
74°43.138 95°09.655 
156.2 0-3 L 8.5 3 
27/05/11 AI8 
74°43.136 95°09.631 
147.6 0-3 M 13 3 
27/05/11 AI8 
74°43.132 95°09.609 
142.6 0-3 H 21.2 3 
27/05/11 AI8 
74°43.136 95°09.631 
 3-10 M  3 
27/05/11 AI8 
74°43.136 95°09.631 
 10-60 M  1 
27/05/11 AI8 
74°43.136 95°09.631 
 60-110 M  1 
27/05/11 AI8 
74°43.136 95°09.631 
 110-150 M  1 
31/05/11 AI9 
74°43. 099 95°09.601 
148.3 0-3 L 10.5 3 
31/05/11 AI9 
74°43.099 95°09.646 
143.8 0-3 M 16.6 3 
21 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
31/05/11 AI9 
74°43.100 95°09.583 
135.3 0-3 H 28.3 3 
04/06/11 AI10 
74°43.087 95°09.526 
150.3 0-3 L 7.6 3 
04/06/11 AI10 
74°43.084 95°09.591 
136 0-3 M 13.6 3 
04/06/11 AI10 
74°43.079 95°09.648 
148.3 0-3 H 18.6 3 
04/06/11 AI10 
74°43.084 95°09.591 
 3-10 M  3 
04/06/11 AI10 
74°43.084 95°09.591 
 10-60 M  1 
04/06/11 AI10 
74°43.084 95°09.591 
 60-110 M  1 
04/06/11 AI10 
74°43.084 95°09.591 
 110-140 M  1 
08/06/11 AI11 
74°43.081 95°09.498 
154.8 0-3 L 7.2 3 
08/06/11 AI11 
74°43.071 95°09.508 
148 0-3 M 16 3 
08/06/11 AI11 
74°43.072 95°09.491 
154.5 0-3 H 39.6 3 
12/06/11 AI12 
74°43.075 95°09.446 
146.3 0-3 L No data provided 3 
12/06/11 AI12 
74°43.074 95°09.467 
145.5 0-3 H 9.3 3 
16/06/11 AI13 
74°43.063 95°09.495 
154 0-3 H 3 3 
20/06/11 AI14 
74°43.042 95°09. 564 
143 0-3 H 2.2 3 
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CHAPTER THREE 
3.0 METHODOLOGY 
3.1 Introduction 
This chapter describes the experimental procedures undertaken in this study to separate 
the biomarkers of interest (HBIs including IP25, fatty acids and chlorophyll a) from the 
filtered sea ice core samples to enable analysis. Samples were provided by colleagues at 
the University of Manitoba, Canada, and were collected during the Arctic ICE 2011 
project. Samples were flash frozen (-80
o
C), stored (-20
o
C) and freeze dried before 
delivery to Plymouth University (UK). Each filtered sea ice sample was analysed either 
as a whole, in half or in quarters, in order to test the reproducibility of the data and 
analytical procedures. Figure 3.1 represents the portioning method of filtered samples. 
Replicates of the mass of analyte per mL of sea ice were calculated by calculating the 
means of the concentrations in each half/quarter). 
 
 
 
 
Figure 3.1. Schematic of filter portioning for samples collected on the Arctic ICE project 2011. 1 and 2 represent 
portioning in two halves whilst 2a and 2b represent portioning in quarters (Filter size 47mm).  
 
3.2 Extraction and purification of lipid fractions 
Whole or part filters were placed in clear glass 7 mL vials and four internal standards 
were added prior to extraction of lipids for later quantification (Table 3.1). These were; 
9-octyl-8-heptadecene (ISa) and 7-hexylnonadecane (ISb) to quantify HBIs and 
1 2 1 
2a 
2b 
GF/F GF/F 
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nonadecanoic acid (ISc) to quantify fatty acids. These standards were selected as they 
best represent the specific analytes in their structure and chemical behaviour and are not 
normally present in sea ice. For example ISa and ISb both have a molecular structure 
with 25 carbon atoms which behave similarly to I and the other HBIs during the 
extraction and purification process (Belt et al., 2012; Brown et al., 2011). 
Samples were then saponified with a sufficient amount of methanolic potassium 
hydroxide (5% KOH; MeOH, H2O; 80/20 v/v) to cover the filter (ca. 2-3 mL), capped, 
vortexed (10 sec), sonicated (5 min) and heated at 80
o
C for 60 min. Non-saponifiable 
lipids (NSLs) were extracted  into clean vials with hexane using the following method; 
1 mL of hexane was added, the vial was capped, vortexed (10 sec) and centrifuged (30 
sec at 2500 rpm) and then transferred into an additional clean vial. This extraction was 
repeated twice more. Solutions containing potassium hydroxide were then protonated 
with concentrated HCl (1 mL), capped, vortexed (10 sec) and saponifiable lipids (SLs), 
including free fatty acids, were extracted into hexane (3 x 1 mL as before). NSLs were 
purified by open column silica chromatography (99:1 SiO2: NSLs). Apolar lipids 
including HBIs were collected into clean vials with hexane (5 column volumes), 
followed by the more polar compounds with dichloromethane/methanol (50:50 v/v; 5 
column volumes). Figure 3.2 shows a schematic of the extraction and purification 
procedures undertaken. 
3.3 Derivatisation 
Saponifiable polar lipids including free fatty acids were converted into trimethylsilyl 
derivatives (TMS), to reduce polarity and improve peak shape during analysis by 
GC/MS. After the derivatising agent, bis(trimethylsilyl)trifluoroacetamide (BSTFA) 
was added (50 µL), samples were capped and heated at 70
o
C for 20 min. 
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3.4 Gas chromatography-mass spectrometry (GC/MS) 
All samples were diluted with hexane (non-polar extracts) or dichloromethane (polar 
extracts) to an appropriate concentration (0.001 mg mL
-1
) for analysis by GC/MS. 
Analysis was carried out using an Agilent 7890A gas chromatograph (GC), coupled to 
an Agilent 5975 mass selective detector, fitted with an Agilent HP-5MS (30 m x 0.25 
mm x 0.25 µm) column with auto-splitless injection (300
o
C) and helium carrier gas (1 
mL min
-1
 constant flow). Detectable compounds were determined by both total ion 
current (TIC; m/z 50-500 Daltons) and selective ion monitoring (SIM; -0.3 +0.7 m/z of 
interest) modes. TIC allowed the retention times and mass spectra of selected 
compounds to be elucidated, while SIM was used for compound quantification due to 
its higher selectivity and sensitivity.  Analysis by GC involved a ramped temperature 
profile from 40-300
o
C at 10
o
C min
-1
, with a 10 minute isothermal at 300
o
C. Data 
analysis and collection was achieved with Agilent Chemstation software, version 
C.03.00. 
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1. Place filtered sample (whole or part) into clean glass 7 mL vial 
2. Add internal standards 
3. Add enough 5% KOH; MeOH, H2O; 80/20 v/v, to cover filter (ca. 2-3 mL). Cap, vortex (10 sec) and 
sonicate (5 min) 
4. Add 1 mL of hexane, cap, vortex (10 sec) and centrifuge (30 sec at 2500 rpm) 
5. Extract hexane layer with glass pipette into new vial to give the NSLs 
Repeat steps 4 and 5 twice more. 
6. Add 1 mL of conc. HCl to the vial containing the filter and KOH solution, cap and vortex (10 sec) 
7. Add 1 mL of hexane, cap, vortex (10 sec) and centrifuge (30 sec at 2500 rpm) 
8. Extract top hexane layer with glass pipette into new vial to give the SLs 
Repeat steps 7 and 8 twice more. 
9. Transfer NSL mixture to column, elute with hexane (5 column volumes) and collect hexane soluble NSLs 
in new vial 
10. Elute DCM/MeOH soluble NSLs with DCM/MeOH (50:50 v/v; 5 column volumes) into new vial 
11. Dry all extracts under N2 (25
oC) 
12. Derivitise SLs (BSTFA; 50µL; 70oC; 20 min) before GCMS analysis of them and hexane soluble NSLs 
 
Figure 3.2. Schematic diagram showing the extraction and purification process used on the filtered sea ice samples.
GC/MS analysis  
Derivitisation 
12 
N2 
Hexane 
soluble 
NSLs 
N2 
DCM/MeOH 
soluble NSLs 
N2 
SLs 
11 
6 
7 
8 
SLs 
2 
1 3 4 
5 
NSLs 
9 
Hexane 
soluble 
NSLs 
10 
DCM/MeOH 
soluble NSLs 
Glass pipette 
SiO2 
Cotton wool plug 
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3.5 Quantification of HBIs 
Quantification of HBIs and internal standards extracted from the filtered sea ice samples 
were first achieved by identification of individual isomers and internal standards from 
their mass spectra from the TIC chromatogram (for example Fig. 3.3) and manual 
integration of the SIM chromatograms. The integrated peak areas of the molecular ion 
(M
+
) signal for each HBI (I: m/z 350.3 II: m/z 348.3 III: m/z 346.3 (Fig. 3.4)) and the 
respective internal standard from the SIM chromatograms were then used to calculate 
the concentration of each isomer according to equation 3.1. The detection limit for 
quantification of IP25 using the GC-MS system described is 10 ng mL
-1
 (S/N > 3) (Belt 
et al., 2012). It is presumed that this value is the same for the other analyte GC/MS 
detection limits. 
Equation 3.1            (
  
  
)   
 
  
   
        
    
  
    
       
    
There are many factors to consider when quantifying analytes using GC/MS, some of 
these include; detector sensitivity towards each analyte and internal standard (RF), mass 
of the internal standard added (Mis), volume of sea ice analysed (Vice), proportion of 
sea ice filtered for analysis (Vtot/Vfilt) and the proportion of filter analysed   .  
Equation 3.1 allows for quantification of all HBI analytes in this study. Pa/Pis denotes 
the ratio between the integrated peak area of the SIM M
+
 HBI ion (Fig. 3.4) and the 
integrated peak area of the SIM M
+
 internal standard ion, ISa (m/z 350.3) or ISb (m/z 
99) depending on the analyte. This ratio is then multiplied by the corresponding GC/MS 
response factor (RF) to take account of the detector sensitivity towards each analyte and 
the internal standard. To convert this number into a mass unit, it is multiplied by the 
mass of the internal standard added (Mis). Equation 3.1 gives the abundance of the 
analyte in mass per unit volume of sea ice, therefore Vice denotes for the volume of sea 
ice analysed. To take into account for the proportion of the sea ice filtered, the value is 
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multiplied by the inversed proportion of ice filtered (Vtot (sea ice volume and filtered 
sea water volume) over the volume filtered (Vfilt).  Finally, to take into account the 
proportion of the filter analysed (either a quarter, half or whole), the volume filtered is 
multiplied by   (0.25, 0.5 or 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3. Background subtracted mass spectra and structure of I (M+ = m/z 350.3), internal standards ISa (M+ = 
m/z 350.3) and ISb (M+ = m/z 352). 
57 
99 
182 
266 
0
20
40
60
80
100
0 50 100 150 200 250 300 350 400
R
el
at
iv
e 
ab
u
n
d
an
ce
 (
%
) 
m/z 
ISb 
M
+
 
352 
69 
111 139 
253 350 
0
20
40
60
80
100
0 50 100 150 200 250 300 350 400
R
el
at
iv
e 
ab
u
n
d
an
ce
 (
%
) 
 
m/z 
M
+
 
ISa 
57 
140 
196 224 266 350.3 
0
20
40
60
80
100
0 50 100 150 200 250 300 350 400
R
el
at
iv
e 
ab
u
n
d
an
ce
 (
%
) 
m/z 
M
+
 
210 
I 
28 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
Figure 3.4. An example of partial SIM extracted chromatograms of the hexane soluble NSL extract of filtered sea ice 
samples. HBIs; I (m/z 350.3), II (m/z 348.3) and III (m/z 346.3) are shown along with the integration technique 
shown by dotted lines. 
 
 
3.6 Quantification of fatty acid trimethylsilyl esters 
Quantification of derivatised fatty acids extracted from filtered sea ice samples was first 
achieved by identification of individual isomers and internal standard from their mass 
spectra from the TIC chromatograms (Fig. 3.5) with comparison of the previous order 
of elution of individual analytes (Brown, 2011) and  manual integration of the TMS 
fragment ion (m/z 117) in SIM mode. These peak area values were incorporated into 
equation 3.1 as Pa, along with individual RF values for each analyte (Table 3.1) to 
accurately calculate individual fatty acid concentrations. 
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Figure 3.5. Background subtracted mass spectra and structures of fatty acid trimethylsilyl (TMS) esters 
Tetradecanoate FI (M+ = m/z 300), cis-9-Hexadecanoate FII (M+ = m/z 326), Hexadecanoate FIII (M+ = m/z 328) 
and internal standard Nonadecanoate ISc (M+ = m/z 370). 
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3.7 Quantification of chlorophyll a  
Colleagues at the University of Manitoba melted and filtered sea ice sub-samples 
(section A; 0-3 cm) for the determination of chlorophyll a. Concentrations (mg m
-2
) 
were calculated using equations (Holm-Hansen et al., 1965) after measuring 
fluorescence with a Turner Designs 10-005R fluorometer after 24 h extraction in  90% 
acetone at approximately 5
o
C in the dark (Parsons et al., 1984). 
 
Table 3.1. All analytes with relative response factors, SIM m/z ions used for quantification and relative amounts of 
each used. Response factors were calculated from calibration curves produced by colleagues at Plymouth University. 
I was isolated from mass extraction of marine sediment. II and III were isolated from diatom laboratory cultures. 
Fatty acid response factors were also calculated by calibration curves, however from purchased standards. 
 
 
 
Lipid 
SIM 
m/z ion 
Response factor (RF) 
and standard used to 
quantify 
Concentrations and amount of standards 
added to sea ice samples 
Section A (0-3 cm) Sections B-E 
HBIs 
I IP25 350.3 5.0 
ISa 10 µL; 10 µg mL-1 20 µL; 0.1 µg mL-1 
II C25:2(5/6) and C25:2(6/17) 348.3 11.3 
III C25:3(7/20) E 346.3 10.0 ISb 10 µL; 10 µg mL
-1 20 µL; 0.1 µg mL-1 
Fatty acids 
FI C14 117 1.2 
ISc 10 µL; 4 mgmL-1 20 µL; 0.04 mg mL-1 
FII C16:1ω7 117 0.9 
FIII C16 117 1.3 
FIV C18:1ω7 117 0.5 
FV C18 117 1.0 
Internal 
standards 
ISa 
9-octyl-8-
heptadecene 
350.3 - - - - 
ISb 7-hexylnonadecane 99 - - - - 
ISc C19 117 - - - - 
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CHAPTER FOUR 
4.0 RESULTS  
4.1 Introduction 
This chapter describes temporal concentrations of, and correlations between, I (IP25) 
and other lipids in sea ice collected from Resolute Bay over the spring period between 
April 27
th
 and June 8
th
 2011. Vertical lipid concentration profiles from sea ice cores 
collected from the same sampling site and time period are also described. This chapter 
also describes the investigation into the effect snow cover has on overall accumulation 
of the lipids present in the sea ice. Findings from this study in Resolute Bay are then 
compared to previous temporal and vertical findings from sea ice cores collected in the 
Amundsen Gulf in 2008. 
4.2 Temporal distributions of lipids in sea ice over the spring period  
Concentrations of I and other lipids were established by GC/MS analysis of the A 
section (lower 0-3 cm) of sea ice cores collected in Resolute Bay from mid-April to 
early June 2011. Figure 4.1 shows the analytical outcomes of the GC/MS analysis 
procedure. The TIC chromatograms show retention times for the individual analytes 
whilst the SIM chromatograms show signals used for quantification. 
These example chromatograms are from sea ice samples collected on the 27
th
 May with 
low snow cover (8.5 cm). These resulted in the following concentrations of each 
analyte; I (IP25) 2.4 ng mL
-1
, II (C25:2(5/6) and C25:2(6/17) 7.6 ng mL
-1
, III (C25:3(7/20)E) 0.33 
ng mL
-1
, FI (C14) 1.3 µg mL
-1
, FII (C16:1ω7) 1.8 µg mL
-1
, FIII (C16) 1.9 µg mL
-1
, FIV 
(C18:1ω7) 0.044 µg mL
-1
 and FV (C18) 0.082 µg mL
-1
. 
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Figure 4.1. Partial TIC and SIM chromatograms of a) hexane soluble NSL and b) SL from filtered sea ice sample 
AI8 (27th May 2011) filter half 1 with low snow cover. 
 
Analysis of the sea ice samples with medium snow cover (12.2 cm – 22 cm) allowed 
temporal concentrations of the analytes to be quantified. Samples with medium snow 
depth were chosen for the temporal analysis to be comparable to the vertical samples. 
Concentrations of HBIs (I (IP25), II (combined dienes C25:2(5/6) and C25:2(6/17)) and III 
(C25:3(7/20) E) were investigated in the A section of the sea ice samples over the temporal 
sampling period (27
th
 April to the 8
th
 June 2011). The mean concentration of I over the 
sampling period ranged from 0.23 ng mL
-1
 to 4.5 ng mL
-1
 and peaked on the 27
th
 May 
(Fig. 4.2). The mean concentration of II ranged from 1.5 ng mL
-1
 to 14 ng mL
-1
, which 
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peaked earlier on the 23
rd
 May, whilst the mean concentration of III ranged from 0.28 
ng mL
-1
 to 3.4 ng mL
-1
 and peaked on the 19
th
 May. Determination of average relative 
contributions of individual HBI isomers to the total HBIs over the sampling period (Fig. 
4.2), revealed II to be the most abundant, contributing ca. 70% of the total HBI 
concentration in the A section of the sea ice samples whereas I contributed ca. 20% and 
III ca. 10%.  
Concentrations of fatty acids (FI (C14), FII (C16:1ω7), FIII (C16), FIV (C18:1ω7) and FV 
(C18)) were also investigated in the A section of the sea ice samples over the temporal 
sampling period. Figure 4.3 shows the mean concentrations of the fatty acids between 
the replicate filter sample halves. The mean concentration of FI ranged from 0.021 µg 
mL
-1
 to 1.9 µg mL
-1
, which peaked on the 31
st
 May. Mean concentrations of FII peaked 
on the 8th June and ranged from 0.0054 µg mL
-1
 to 3.1 µg mL
-1
. FIII mean 
concentrations ranged from 0.062 µg mL
-1
 to 3.4 µg mL
-1
 but peaked slightly later on 
the 8
th
 June, whereas mean concentrations of FIV peaked on the 31
st
 May and ranged 
from 0.00039 µg mL
-1
 to 0.047 µg mL
-1
. Lastly, FV mean concentrations ranged from 
0.0033 µg mL
-1
 to 0.098 µg mL
-1
 and peaked on the 4
th
 June. Determination of average 
relative contributions of individual fatty acids to the total fatty acid abundance over the 
temporal sampling period (Fig. 4.4), revealed FIII to be the most abundant, contributing 
ca. 50% of the total fatty acid concentration in the A section of the sea ice samples. FI 
and FII contributed ca. 22% and 26% respectively, whilst FIV and FV only contributed 
ca. 2% collectively. FII and FIII appear to have opposite trends in their contributions to 
the total fatty acids as accumulation of FII increases and FIII decreases over the 
sampling period. As FI, FII and FIII are known to be from a diatom origin, it can be 
stated that ca. 98% of the total fatty acids analysed in the A section of the sea ice 
samples over the temporal sampling period, were produced by diatomaceous algae.  
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Concentrations of chlorophyll a were also investigated in the A section of the sea ice 
samples over the temporal sampling period (Fig. 4.5). Two replicate measurements and 
quantification of chlorophyll a were carried out by other scientists at the University of 
Manitoba. Mean chlorophyll a concentrations ranged from 3.9 mg m
-2
 to 34 mg m
-2
 and 
peaked on the 10
th
 May.  
The reproducibility of this temporal data, for all measured analytes, is variable (Table 
4.1.). The mass of analyte measured on each half of the GF/F was between 0 and 1.6 
times greater than the corresponding half. Vacuum filtration onto a GF/F does not 
guarantee a homogeneously spread filtrate. However when portioning the filters, every 
effort was made to visually equally divide the amounts of filtrate on each half. The 
variability of the reproducibility may be due to inaccurate portioning of the filters. 
However, variability of the concentrations may also be due to the heterogeneous nature 
of sea ice in terms of both diatom abundances and varying species. Ice cores were 
pooled to try and to take into account for some of the natural variation however this 
could still be reflected in the variable replicate concentrations.  
 
Table 4.1. Calculated mass of HBIs and fatty acids on each half of the filter for medium snow samples over the 
temporal sampling period. 
Analyte I II III FI FII FIII FIV FV 
Mass of 
analyte in each 
half of the 
filter (µg) 
A B A B A B A B A B A B A B A B 
27/04/11 0.035 0.045 0.27 0.26 0.01 0.01 6.8 7.8 5.6 5.8 22 24 0.17 0.24 0.82 0.88 
01/05/11 0.047 0.045 0.28 0.27 0.024 0.021 9.4 9.2 8.2 7.8 23 22 0.16 0.16 0.43 0.43 
05/05/11 0.033 0.033 0.13 0.15 0.007 0.01 4.7 4.5 2.5 3.7 12 12 0.06 0.094 0.26 0.28 
10/05/11 0.050 0.053 0.31 0.29 0.004 0.01 6.3 7.2 8.0 8.3 18 20 0.15 0.16 0.98 1.09 
15/05/11 0.044 0.06 0.18 0.20 0 0 8.9 12 24 31 40 52 0.44 0.59 1.7 2.2 
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19/05/11 0.023 0.039 0.15 0.21 0.0097 0.0071 14 20 49 58 62 71 0.46 0.64 0.80 1.05 
23/05/11 0.103 0.19 0.63 0.95 0 0 61 63 99 100 104 109 1.2 1.2 2.4 2.4 
27/05/11 0.095 0.13 0.303 0.36 0.013 0.019 51 54 70 78 78 83 1.8 2.7 3.3 4.4 
31/05/11 0.16 0.18 0.62 0.71 0.013 0.021 62 65 98 97 97 100 2.2 2.0 2.9 3.04 
04/06/11 0.15 0.17 1.15 1.44 0.013 0.016 73 69 110 103 113 108 2.4 2.4 3.5 3.3 
08/06/11 0.071 0.086 0.68 0.78 0 0 59 48 97 72 115 84 1.4 1.4 2.0 2.0 
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Figure 4.2. Temporal mean concentrations (±1 s.d. n = 2) of HBIs a) I, b) II, c) III and d) relative contributions of 
HBI isomers to the total HBIs, observed in the A section of sea ice with medium snow cover during the Arctic ICE 
project.  
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Figure 4.3. Temporal mean concentrations (±1 s.d. n = 2) of fatty acids a) FI, b) FII, c) FIII and d) FIV and e) FV 
observed in the A section of sea ice with medium snow cover during the Arctic ICE project.  
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Figure 4.4. Relative contributions of individual fatty acids to the total fatty acids observed in the A section of sea ice 
with medium snow cover during the Arctic ICE project.  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5. Temporal mean concentrations of chlorophyll a (±1 s.d. n = 2) observed in the A section of sea ice with 
medium snow cover during the Arctic ICE project.  
 
 
4.3 Vertical distributions of lipids in sea ice over the spring period 
Concentrations of HBIs including I, fatty acids and chlorophyll a were also investigated 
throughout sea ice cores on five dates over the sampling period of the Arctic ICE 
project in 2011. These cores were collected on the following dates, with the same or 
similar amount of snow cover (represented as medium snow cover) as the previous 
temporal distributions; 1
st
 May, 10
th
 May, 19
th
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th
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th
 June. Figure 4.6 
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shows the distribution between these dates over the sampling period. As previously 
described in Chapter Two, the sea ice cores were sectioned into five; section A (0-3 
cm), B (3-10 cm), C (approx. 10-60 cm), D (approx. 60-110 cm) and E (approx. 110 to 
the top of the core). Exact lengths of sections for each core are provided in Table 2.1. 
 
 
 
 
 
 
Figure 4.6. Distribution of full sea ice cores with medium snow cover collected for vertical lipid distribution analysis 
over the sampling period on the Arctic ICE project. Dates at which the full sea ice cores were collected for the 
vertical distribution analysis are represented by thick arrows. Temporal sampling begins on the 27th April and ends on 
the 8th June.  
 
GC/MS analysis of sectioned sea ice cores enabled observations of vertical lipid 
concentrations over the spring sampling period to be made. All concentrations in 
sections above 3 cm from the ice/water interface (B, C, D and E) were calculated from 
analysing the filtered samples as a single sample and not divided into two as were the 
filters for the temporal study, so mean concentrations could not be calculated in the 
same way. Data of HBI concentrations are represented for only four out of the five cores 
sampled due to a procedural error. Concentrations of I were consistently highest in the 
A section of the five sea ice cores, these reached 4.5 ng mL
-1
 (27
th
 May). Concentrations 
of I in the A section always contributed at least 86% of the total I in the core. The 
concentration of I then decreased rapidly above 3 cm from the ice/water interface. 
Highest I concentrations in the B section reached 0.20 ng mL
-1
 (19
th
 May), which 
contributed at most 13% of the total I in the core. Concentrations of I in the C section 
only reached 0.02 ng mL
-1
 (19
th
 May) and less than 0.003 ng mL
-1
 in both sections D 
End of temporal sampling  
27-Apr 01-May 05-May 09-May 13-May 17-May 21-May 25-May 29-May 02-Jun 06-Jun 10-Jun 
Start of temporal sampling 
Date 2011 
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and E (both reached on the 4
th
 June).  Sections C, D and E consistently contributed as a 
whole at most 1% of the total I in the core.  
Similarly, concentrations of II were consistently highest in the A section, these reached 
13 ng mL
-1
 (27
th
 May) and always contributed at least 94% of the total II in the core. 
Concentrations of II also decreased rapidly above 3 cm from the ice/water interface. 
Highest concentrations of II in section B reached 0.63 ng mL
-1
 (19
th
 May) and 
contributed at most 5.4% of the total II in the core. Concentrations of II in section C 
only reached 0.1 ng mL
-1
 and less than 0.005 ng mL
-1
 in both sections D and E (all 
reached on the 19
th
 May). Sections C, D and E did not consistently contribute to the 
total II in the core as concentrations of II in some of the sections were either too low to 
be detected or II was not present. III was only detected in sections A and B of the sea 
ice cores and not in any other sections above 10 cm from the ice/water interface (C, D 
and E). Concentrations of III reached 3.4 ng mL
-1 
(19
th
 May) in the A section which 
always contributed at least 68% of the total III in the core. Highest concentrations of III 
in section B reached 0.46 ng mL
-1
 (10
th
 May) however varied in contribution to the total 
III in the core (0% - 32%). For all HBIs, the contribution from sections A and B (the 
lower 0-10 cm) to the total of each was at least 99% for all cores analysed. Figures 4.7 
to 4.9 show vertical concentrations of I, II, III and relative contributions of each 
section, to the total in the core.  
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Figure 4.7. Vertical concentrations of a) I and b) II in samples collected on the Arctic ICE project with medium 
snow cover. Concentrations in sections D and E are not represented as they contributed less than 1% of the total. 
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Figure 4.8. Vertical concentrations of III in sections A and B of the sea ice core samples collected on the Arctic ICE 
project with medium snow cover. 
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Figure 4.9. Schematic of vertical distributions of I and % of total I, throughout sea ice collected on the Arctic ICE project with medium snow cover. 
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Concentrations of fatty acids (FI, FII, FIII, FIV and FV) throughout sea ice cores were 
also investigated over the sampling period (Fig.4.10 to Fig. 4.13). Fatty acids were more 
evenly distributed through the cores, at the start of sampling, than the HBIs. The upper 
sections (B, C, D and E) that were slightly away from the ice/water interface, 
contributed higher proportions to the total fatty acids in the core. All fatty acids were 
present in all sections of the full sea ice cores with the exception of section C of the 
sample taken on the 1
st
 May. Peak concentrations of FI in section A reached 1.6 µg mL
-
1
 (27
th
 May) and ranged in contribution of the total FI in the core from 60% to 93% 
(Fig. 4.10). Concentrations of FI in section B decreased rapidly and contributed 
between 4% and 29%, and peak concentrations reached 0.18 µg mL
-1
 (19
th
 May). 
Section C contributed between 0% and 9.4% and peak concentrations reached 0.097 µg 
mL
-1
 (19
th
 May). Highest concentrations of FI in sections D and E decreased again to 
0.012 µg mL
-1
 (1
st
 May) and 0.011 µg mL
-1
 (1
st
 May) respectively. Both sections, D and 
E, always contributed between 0.2% and 13% to the total FI in the core.  
Highest concentrations of FII in section A reached 2.5 µg mL
-1
 (27
th
 May) and 
contributed between 52% and 90% of the total (Fig. 4.10). Concentrations in section B 
reached 0.53 µg mL
-1
 (19
th
 May) and contributed between 7% and 38% of the total FII 
in the core. Section C contributed between 0% and 9.3% of the total FII and peak 
concentrations reached 0.14 µg mL
-1
 (19
th
 May). Highest concentrations of FII in both 
sections D and E were less than 0.01 µg mL
-1
 (4
th
 June and 1
st
 May respectively). These 
sections contributed, as a whole, at most 25% of the total FII in the core.  
Concentrations of FIII in section A reached 2.8 µg mL
-1
 (27
th
 May) and always 
contributed between 36% and 71% of the total (Fig. 4.11). The FIII concentration in 
section B reached 1.3 µg mL
-1
 (4
th
 June) and contributed between 16% and 38% of the 
total FIII in the core. Section C contributed between 0% and 30% of the total FIII as 
peak concentrations reached 1.2 µg mL
-1
 (19
th
 May). Concentrations in sections D and 
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E reached 0.10 µg mL
-1
 (27
th
 May) and 0.18 µg mL
-1
 (19
th
 May) respectively and 
contributed at most 24% and 22% of the total FIII in the core.  
Concentrations of FIV (Fig. 4.11) and FV (Fig. 4.12) throughout the sea ice samples 
were considerably less than the other fatty acids. Concentrations of FIV in section A 
reached 3.4 x 10
-2
 µg mL
-1
 (27
th
 May) and contributed between 9.7% and 46% of the 
total FIV in the core. Concentrations of FIV in sections B and C reached 1.3 x 10
-2
 µg 
mL
-1 
(10
th
 May) and 3.8 x 10
-2
 µg mL
-1
 (19
th
 May) respectively and contributed at most 
30% and 53% to the total FIV. Peak FIV concentrations in sections D and E reached 
0.43 x 10
-2
 µg mL
-1
and 0.34 x 10
-2
 µg mL
-1
 (both peak dates on the 1
st
 May) 
respectively. Section D and E contributed at most 41% and 32% of the total FIV in the 
core. Concentrations of FV in section A reached 9.8 x 10
-2
 µg mL
-1
 (4
th
 June) and 
contributed between 6.6% and 59% of the total FV in the core. Concentrations of FV in 
sections B and C reached 6.2 x 10
-2
 µg mL
-1
 (27
th
 May) and 0.21 µg mL
-1
 (19
th
 May) 
respectively and contributed at most 24% and 52% to the total FV in the core. Peak FV 
concentrations in sections D and E reached 9.1 x 10
-2
 µg mL
-1
 and 8.9 x 10
-2
 µg mL
-1
 
(both peak dates on the 10
th
 May). These sections contributed at most 36% and 33% to 
the total FV in the core. Figure 4.12 shows relative contributions of the total diatom 
fatty acids from each section of the sea ice cores over the sampling period. Figure 4.13 
demonstrates the increase in contribution from section A over the sampling period.  
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Figure 4.10. Vertical concentrations of a) FI and b) FII in sections A, B and C of sea ice samples collected on the 
Arctic ICE project with medium snow cover. Concentrations in sections D and E are not represented as they 
contributed less than 2% to the total (excluding on the 1st May, contributing 13% and 12% respectively in both FI and 
FII). 
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Figure 4.11. Vertical concentrations of a) FIII and b) FIV in sea ice samples collected on the Arctic ICE project 
with medium snow cover.  
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Figure 4.12. a) Vertical concentrations of FV and b) relative contributions from all sections of the diatom fatty acids 
(FI, FII and FIII) to the total in sea ice core samples collected on the Arctic ICE project with medium snow cover. 
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Figure 4.13. Relative contributions from section A and others of the diatom fatty acids (FI, FII and FIII) to the total 
in sea ice core samples collected on the Arctic ICE project with medium snow cover. 
 
 
Concentrations of chlorophyll a were also investigated throughout the sea ice cores over 
the sampling period (Fig. 4.14). Two replicate measurements and quantification of 
chlorophyll a were carried out by other scientists at the University of Manitoba. 
Chlorophyll a showed similar trends to the other analytes, the majority of accumulation 
occurred in the A section of the sea ice cores.  Highest concentrations of chlorophyll a 
in the A section reached 34 mg m
-2
 (10
th
 May) and always contributed at least 89% of 
the total chlorophyll a in the core. Concentrations in sections B and C reached 0.36 mg 
m
-2
 (10
th
 May) and 0.88 mg m
-2
 (4
th
 June) respectively and contributed at most 1.7% 
and 5.4% of the total chlorophyll a in the core. Maximum concentrations of chlorophyll 
a in sections D and E reached 0.42 mg m
-2
 and 0.34 mg m
-2
 (both peak dates on the 4
th
 
June) and contributed at most 2.6% and 2.1% of the total.  
Total fatty acid concentrations were also consistently higher (ca. x 80-500) than those of 
total HBIs. Vertical distributions of HBIs, diatom fatty acids (FI, FII and FIII) and 
chlorophyll a are summarised in Table 4.2. 
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Figure 4.14. a) Mean vertical concentrations of chlorophyll a (±1 s.d. n =2) in each section of the sea ice core 
samples collected on the Arctic ICE project with medium snow cover. 
 
Table 4.2. Vertical distributions of a) I, b) II, c) III, d) total HBIs, e) diatom fatty acids and f) chlorophyll a in sea 
ice cores collected on the Arctic ICE project with medium snow cover. * denotes analyte abundance under limits of 
detection or unavailability of data. Ice core sections are denoted by the following; A (0-3 cm), B (3-10 cm), C 
(approx. 10-60 cm), D (approx. 60-110 cm), E (approx. 110 to the top of the core). 
 
a) I concentration (ng mL
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E * * 
0.45 x 10
-2
 
0.04% 
* 
D * 
0.30 x 10
-2
 
0.03% 
0.33 x 10
-2
 
0.03% 
* 
C * 
0.40 x 10
-2
 
0.04% 
0.107 
0.92% 
0.028 
0.21% 
B 
2.2 x 10
-2
 
0.9% 
0.26 
2.54% 
0.63 
5.44% 
0.21 
1.59% 
A 
2.4 
99.1% 
10 
97.39% 
11 
93.57% 
13 
98.20% 
 
c) III concentration (ng mL
-1
) and percentage of total in the ice core 
Ice core section 1
st
 May 10
th
 May 19
th
 May 27
th
 May 
E * * * * 
D * * * * 
C * * * * 
B * 
0.46 
31.69% 
0.5 x 10
-2
 
0.15% 
0.1 x 10
-2
 
0.08% 
A 
0.29 
100% 
1.0 
68.31% 
3.4 
99.85% 
1.5 
99.92% 
 
d) 
Total HBI concentration (I, II and III) (ng mL
-1
) and percentage of total in the ice 
core 
Ice core section 1
st
 May 10
th
 May 19
th
 May 27
th
 May 
E 
1.1 x 10
-3
 
0.03% 
0.68 x 10
-3
 
<0.01% 
5.7 x 10
-3
 
0.04% 
1.8 x 10
-3
 
0.01% 
D * 
3.5 x 10
-3
 
0.02% 
4.5 x 10
-3
 
0.02% 
0.96 x 10
-3
 
0.01% 
C 
0.11 x 10
-2
 
0.04% 
0.52 x 10
-2
 
0.03% 
0.12 
0.71% 
3.2 x 10
-2
 
0.17% 
B 
0.031 
0.98% 
0.79 
5.11% 
0.84 
4.61% 
0.26 
1.37% 
A 
3.09 
98.95% 
15 
94.83% 
17 
94.62% 
19 
98.44% 
 
e) 
Total diatom fatty acid (FI, FII and FIII) concentration (µg mL
-1
) and percentage of 
total in the ice core 
Ice core 
section 
1
st
 May 10
th
 May 19
th
 May 27
th
 May 4
th
 June 
E 
0.109 
19.19% 
0.098 
4.23% 
0.19 
2.75% 
0.065 
0.75% 
0.057 
0.79% 
D 
0.12 
21.34% 
0.109 
4.72% 
0.10 
1.42% 
0.11 
1.3% 
0.054 
0.75% 
C * 
0.27 
11.67% 
1.39 
19.81% 
0.49 
5.72% 
0.202 
2.81% 
B 
0.097 
16.99% 
0.73 
31.46% 
1.5 
20.86% 
1.2 
13.95% 
1.5 
20.92% 
A 
0.24 
42.48% 
1.1 
47.92% 
3.9 
55.16% 
6.8 
78.28% 
5.4 
74.73% 
      
f) Chlorophyll a concentration (mg m
-2
) and percentage of total in the ice core 
Ice core 
section 
1
st
 May 10
th
 May 19
th
 May 27
th
 May 4
th
 June 
E 
0.013 
0.14% 
0.031 
0.09% 
0.082 
0.35% 
0.098 
0.49% 
0.34 
2.12% 
D 
0.11 
1.20% 
0.25 
0.69% 
0.31 
1.30% 
0.18 
0.88% 
0.42 
2.59% 
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4.4 Effect of snow cover on lipid production 
As diatoms are photosynthetic organisms, they rely on natural light for growth and 
production. The depth of snow cover on top of sea ice limits the amount of sunlight 
available to the organisms below and within the sea ice. Replicate sea ice cores were 
collected over the sampling period on the Arctic ICE project 2011 with low, medium 
and high snow cover (ranging from 2.2 cm to 39.6 cm). These allowed the effect (if 
any) of snow depth, and therefore light availability, on production of I and other lipids 
to be investigated. Temporal filtered sea ice samples with low and medium snow cover 
were portioned into two halves, giving two replicates to calculate means, whilst the 
majority of high snow samples were portioned into three (Fig. 3.1). Filters were 
portioned to create replicate samples to test the reproducibility of the experimental 
procedure. High snow samples on the 4
th
 and 12
th
 of June were only portioned into two.  
Figure 4.15 shows mean concentrations of I in the A section of sea ice cores collected 
over the sampling period with low, medium and high snow cover. Mean concentrations 
of I in sea ice collected with low snow cover ranged from 0.25 ng mL
-1
 to 3.7 ng mL
-1
, 
which peaked on the 31
st
 May. Medium snow cover provided mean I concentrations 
ranging from 0.23 ng mL
-1
 to 4.5 ng mL
-1
 which peaked on the 27
th
 May. I was absent 
or under the limits of detection in samples with high snow cover collected on the 27
th
 
April and 1
st
 May, however reached 4.7 ng mL
-1
 on the 27
th
 May.  Mean concentrations 
of II in the A section of sea ice cores collected with low snow cover ranged from 0.42 
ng mL
-1
 to 27 ng mL
-1
 and peaked on the 4
th
 June (Fig. 4.16). Medium snow cover 
C 
0.28 
3.12% 
0.44 
1.25% 
0.84 
3.57% 
0.51 
2.51% 
0.88 
5.44% 
B 
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1.33% 
0.36 
1.01% 
0.25 
1.08% 
0.34 
1.66% 
0.21 
1.30% 
A 
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94.21% 
34 
96.96% 
22 
93.70% 
19 
94.46% 
14 
88.55% 
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provided mean II concentrations ranging from 1.0 ng mL
-1
 to 14 ng mL
-1
 which peaked 
on the 23
rd
 May. II was absent or under the limits of detection in samples with high 
snow cover on the 27
th
 April and 1
st
 May, however reached 23 ng mL
-1
 (27
th
 May). III 
was absent or under the limits of detection in samples collected with low snow cover on 
15
th
 and 23
rd
 of May and the 8
th
 of June. However mean concentrations of III with low 
snow cover did reach 0.48 ng mL
-1
 (1
st
 May) (Fig. 4.17). Medium snow cover provided 
mean concentrations of III ranging from 0.12 ng mL
-1
 to 3.4 ng mL
-1
, which peaked on 
the 19
th
 May. III was absent or under the limits of detection in samples collected with 
high snow cover on the 27
th
 April and the 1
st
 May. However peak concentrations of III 
in sea ice with high snow cover reached 4.4 ng mL
-1
 on the 4
th
 June. 
The potential effect of snow cover on the production of diatom fatty acids (Fig. 4.18), 
and chlorophyll a (Fig. 4.19) were also investigated. Mean concentrations of combined 
fatty acids known to be from a diatom origin (FI, FII and FIII) reached 8.3 µg mL
-1
 in 
the A section of sea ice cores collected on the 8
th
 of June with low snow cover. Medium 
snow cover provided a peak mean concentration of 8.0 µg mL
-1
 (31
st
 May), whilst mean 
concentrations in the A section of sea ice with high snow cover reached 6.9 µg mL
-1
 
(27
th
 May). Mean concentrations of chlorophyll a collected with low snow cover 
reached 21 mg m
-2
 (15
th
 May), 34 mg m
-2
 (10
th
 May) with medium snow cover and 35 
mg m
-2
 (4
th
 June) with high snow cover. 
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Figure 4.15. Temporal mean concentrations (±1 s.d. n = 2 or 3) of I observed in the A section of sea ice during the 
Arctic ICE project with a) low, b) medium and c) high snow cover. Absence of a data point on the 23rd May for high 
snow due to no sample being provided. 
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Figure 4.16. Temporal mean concentrations (±1 s.d. n = 2 or 3) of II observed in the A section of sea ice during the 
Arctic ICE project with a) low, b) medium and c) high snow cover. Absence of a data point on the 23rd May for high 
snow due to no sample being provided. 
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Figure 4.17. Temporal mean concentrations (±1 s.d. n = 2 or 3) of III observed in the A section of sea ice during the 
Arctic ICE project with a) low, b) medium and c) high snow cover. Absence of a data point on the 23rd May for high 
snow due to no sample being provided. 
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Figure 4.18. Temporal mean concentrations (±1 s.d. n = 2 or 3) of diatom fatty acids observed in the A section of sea 
ice during the Arctic ICE project with a) low, b) medium and c) high snow cover.  Absence of a data point on the 23rd 
May for high snow due to no sample being provided. 
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Figure 4.19. Temporal mean concentrations (±1 s.d. n = 2) of chlorophyll a observed in the A section of sea ice 
during the Arctic ICE project with a) low, b) medium and c) high snow cover. 
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CHAPTER FIVE 
5.0 DISCUSSION 
5.1 Introduction 
Results presented in the previous chapter have established temporal and vertical 
distributions of I and other lipid biomarkers throughout sea ice collected over the spring 
period in Resolute Bay during 2011. The effects of snow cover on production of lipids 
over the temporal sampling period have also been investigated. 
5.2 Temporal distributions of lipids in sea ice and correlations between them 
The first and second aims of this study were to investigate concentration changes in and 
relationships between I and other lipid biomarkers in Arctic sea ice from Resolute Bay 
over the spring bloom from late April to early June 2011. The spring sea ice algal bloom 
in the Resolute Passage and the Canadian Arctic Archipelago, are well documented as a 
variety of studies have been carried out over the April to June period (Bergmann et al., 
1991; Brown et al., 2011; Laurion et al., 1995). Blooms in primary production in the 
marine environment, phytoplanktic and sea ice-based, are typically identified by 
increased concentrations of chlorophyll a, photosynthetic cell abundances, nutrients and 
algal-specific lipids (Brown et al., 2011; Codispoti et al., 1991; Legendre, 1990; Mundy 
et al., 2009; Reuss and Poulsen, 2002; Rózanska et al., 2009). In this study, 
concentrations of different algal biomarkers including I, fatty acids and chlorophyll a 
were measured from the 27
th
 April to the 8
th
 June (Fig. 4.2 to 4.5). The specific sea ice 
diatom biomarker I contributed on average ca. 20% of the total HBIs over the sampling 
period, whilst II and III contributed on average ca. 70% and 10% respectively. II was 
consistently the most abundant throughout the sampling period. Accumulation of I in 
the sea ice over the first week of sampling (27
th
 April to the 5
th
 May) remained under 
a 
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1.0 ng mL
-1
 until production rapidly increased on the 10
th
 May to 3.7 ng mL
-1
. This 
upward trend in accumulation over the five day period (5
th
 May to the 10
th
 May) is also 
observed in chlorophyll a concentrations and could be due to increases in natural light 
penetrating the ice. The downward solar flux in Resolute Bay on the 5
th
 and 10
th
 May 
increased from 448-480 W m
-2
 to 480-512 W m
-2
 (Fig. 5.1). This further supports the 
association between I and photosynthetic diatom production. It can also be noted that 
the average solar flux in Resolute Bay increased from 100 W m
-2
 to 237.5 W m
-2
 over 
the sampling period leading up to the summer sea ice melt (data provided by Physical 
Sciences Division, Earth System Research Laboratory). 
 
 
 
 
 
 
 
 
Figure 5.1. Downward solar flux over part of the Canadian Arctic Archipelago on a) 5th May 2011 and b) 10th May 
2011, Resolute Bay denoted by ●. Image provided by Physical Sciences Division, Earth System Research Laboratory, 
NOAA, Boulder, Colorado, from their Web site at http://www.esrl.noaa.gov/psd/. 
 
Along with local changes in solar radiation, changes in the accumulation of lipids may 
be attributed to an irregular underside of the sea ice and therefore local variation in 
algae abundances (Krembs et al., 2002). As there is difficulty in collecting samples in 
an extreme environment, especially with sea ice break-up imminent (27
th
 June) 
(Campbell et al., 2011), all ice cores were collected in an approximate 0.17 miles
2
 (0.27 
km
2
) area, this possibly leading to variations in algae biomass over a reasonably large 
area. Statistical determination of the extent of correlation between temporal 
concentration changes of I and chlorophyll a (r = 0.81; n = 10; P < 0.05) show the 
a) b) 
● ● 
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temporal distribution of I effectively showed the spring sea ice bloom in Resolute Bay 
in 2011. HBIs I and II correlated well (r = 0.91; n = 10; P = < 0.05), providing further 
evidence for the co-production of I and C25:2(6/17) in sea ice diatoms (Belt et al., 2012; 
Belt et al., 2007; Brown, 2011) along with C25:2(5/6). On the contrary, the planktic origin 
of III (C25:3(7/20) E) was reflected by no statistically significant correlation to I (r = 0.46; 
n = 10; P > 0.05). Incorporation of small amounts of III, in relation to I and II, into the 
sea ice may be due to the intermediate solid/liquid phase that the lower few centimetres 
of sea ice (closest to the water) normally naturally obtains. This part of the sea ice is a 
natural equilibrium between the sea ice and sea water that allows the transferal of 
nutrients and other material. 
Fatty acids have typically been used as general biomarkers of primary production over 
the spring bloom period in marine environments. For example Reuss et al. (2002) used 
specific fatty acids and fatty acid ratios as general biomarkers of the plankton 
community in the spring bloom and post-spring bloom off west Greenland. Fatty acids 
were analysed in this study in Resolute Bay as biomarkers of general production, three 
of them (FI, FII and FIII) gave more information of diatom inputs. Along with diatom 
fatty acids, FIV and the saturated fatty acid FV were also present in sea ice samples. 
FIV is found in heterotrophic bacteria, as well as occurring from stereomutation 
resulting from photodegradation of trans-vaccenic acid (Christodoulou et al., 2010; 
Rontani et al., 2003), whilst FV is common to dinoflagellates (Reuss and Poulsen, 
2002). Diatom fatty acids were observed as the majority (ca. 98%) of total fatty acid 
production; along with FIV and FV as the minority (Fig. 4.4), suggesting a 
predominately diatom-based sea ice algae bloom. This gives further evidence towards 
findings previously observed by Riedel et al. (2003) that show the spring bloom near 
Resolute Bay is comprised mainly of diatoms. Peak concentrations of pennate diatoms 
reached ca. 260 x 10
6
 cells L
-1
 whilst dinoflagellates and flagellates only reached ca. 0.4 
62 
 
x 10
6
 cells L
-1
 and ca. 18 x 10
6
 cells L
-1
 respectively (Riedel et al., 2003). Total diatom 
fatty acid production over the temporal sampling period was significantly higher than 
total HBI production (ca. 50-400). Accumulation of diatom fatty acids showed different 
trends to those of HBIs.  
Instead of a steady increase and decrease in concentrations over the sampling period, 
with a peak in mid to late May observed in HBI trends (Fig. 4.2), diatom fatty acid 
concentrations remained elevated until the end of sampling (Fig. 4.3). Temporal 
concentrations of I and fatty acids known to be from a diatom origin correlated poorly (r 
= 0.66; n = 10; P = > 0.05). Whilst I is believed to be produced specifically by some 
pennate sea ice diatoms, the fatty acids FI, FII and FIII are produced by many varieties 
of abundant diatoms including pennate and centric species, Nitzschia palea, Navicula 
muralis, Thalassiosira fluviatilis and Skeletonema costatum (Darley, 1977; Opute, 
1974) along with other organisms. Therefore this prolonged elevation in diatom fatty 
acid concentrations may be due to other types of diatom contributing to the fatty acid 
content. Concentrations of chlorophyll a are typically used as a biomarker of general 
organic production as it is essential to all oxygenic photosynthetic organisms as a 
pigment to release chemical energy. In this study it has been used to represent the spring 
bloom, showing the production trend in organic matter from a wide variety of 
organisms (Fig. 4.5).  
 
This temporal study has shown the presence of I in sea ice from Resolute Bay in the 
spring of 2011. Different temporal trends in the accumulation of fatty acids to the HBIs, 
demonstrate the wide production of fatty acids by a range of organisms. 
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5.3 Vertical distributions of lipids in sea ice 
The third aim of this study was to investigate the vertical distributions of I and other 
lipid biomarkers throughout Arctic sea ice from Resolute Bay over the same spring 
sampling period as the temporal samples. In the majority of sea ice studies, lipid content 
is typically only investigated in the lower sections of sea ice cores (Brown et al., 2011; 
Lee et al., 2008; Nichols et al., 1993; Nichols et al., 1989) as it is commonly understood 
that the majority of accumulation of organic matter is closest to the ice-water interface, 
as the nutrients needed for growth and production are abundantly available. To the 
author’s best knowledge, this is the first study to calculate concentrations of HBIs and 
fatty acids throughout sea ice cores from the ice/water interface to the ice/snow 
interface. The majority of accumulation of HBIs (Fig. 4.7 to 4.9) and chlorophyll a (Fig. 
4.14) were in the A section (0-3cm from the ice/water interface). 
Trends in distributions of  I, II and III throughout the sea ice cores were similar as the 
majority of production appeared in the A section of all samples, averaging ca. 97%, 
97% and 92% respectively. Accumulations of the HBIs were either under the limits of 
detection or contributed less than 1% in sections C, D and E (Table 4.2). The tri-
unsaturated HBI III was not found in sections above 10 cm from the ice/water interface 
(sections C, D and E). This distribution of III is highly suggestive of its likely 
predominant planktonic origin. The distributions of the HBIs, fatty acids, and 
chlorophyll a are likely partly attributed to the brine volume (%). Brine volume, or the 
ice core permeability threshold (5%), indicates the threshold at which the connectivity 
of brine pores is sufficient to enable growth of organisms within the ice due to 
availability of nutrient replenishment during the bloom (Cox and Weeks, 1983; Golden 
et al., 2007). 
In contrast to HBIs, fatty acid abundances in the sea ice cores collected in early and 
mid- bloom were much more evenly distributed and higher sections of the cores 
b 
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contributed more to the total (Fig. 4.10 to 4.12). For example sections C, D and E each 
ice core contributed on average ca. 11%, 11% and 10% respectively in cores collected 
on the 1
st
, 10
th
 and 19
th
 of May in contrast to the less than 1% contributed in HBI 
production in those same sections. An increase in contribution to the accumulation of 
the diatom fatty acids in the A section is observed in samples collected in the later 
bloom, clearly represented in Figure 4.13. Over the five sampling dates the contribution 
from the A section to the diatom fatty acid abundance increases from ca. 42% to 78%. 
Possible reasons for this distribution change over the spring bloom may be attributed to 
contributions from other (non-IP25 producing) sea ice algae or from non-algal organic 
matter such as bacteria (Maranger et al., 1994) and increases in production of these 
organisms over the bloom period. As fatty acids are used for energy by cells and some 
are essential to animals’ diets, they are produced in high abundances from a range of 
organisms in the marine environment (Arts et al., 2009). The organisms that undergo a 
spring sea ice bloom, for example algae (Brown, 2011) and bacteria (Maranger et al., 
1994), will rapidly increase in abundance and therefore increase in fatty acid 
productivity, contributing to the content in the lower section of the sea ice. 
The majority of chlorophyll a production (average ca. 94%) was also in the A section of 
the sea ice cores (Fig. 4.14). As with the HBIs, the contribution to the total vastly 
decreased above 3 cm from the ice/water interface. Section B contributed on average 
1.3% whilst section C contributed ca. 3.2% and sections D and E contributed ca. 1.3% 
and 0.64% of the total chlorophyll a in the cores. 
This study has also demonstrated that lipids of diatom and other organism production 
are present throughout sea ice from the ice/water interface to the ice/snow interface, 
however in small abundances compared to the lower sections. HBI, and chlorophyll a 
accumulation is highest in the lower 3 cm closest to the ice/water interface, whereas 
fatty acid accumulation is more distributed through the core. Two possible explanations 
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for the presence of these compounds throughout the ice are suggested; a) entrapment 
with ice formation and growth and b) extension of brine channels and migration. 
Mechanisms of the incorporation of organic matter and organisms into sea ice include 
harvesting/scavenging, nucleation and wave fields (Ackley, 1982). 
Harvesting/scavenging occurs when frazil ice crystals form around suspended algae 
cells in the water column, when they rise to the surface they are incorporated and 
harvested into the ice. Nucleation is a similar process when ice crystals form around any 
nucleus, a solid particle of any organic matter or mineral and a wave field is when water 
is pumped up through grease ice, trapping organic matter. As sea ice mainly grows from 
the underside vertically downwards, it can be hypothesised that small abundances of 
organisms such as diatoms that are temporarily suspended in the water column during 
the winter months, may be incorporated into the ice as it forms. This would continue as 
the ice thickens until the spring sea ice bloom occurs and enhances the abundance of the 
organisms in the lower section of sea ice where nutrients are ready available for growth 
(Nomura et al., 2009).  
As the extent of brine channels in sea ice depend on different variables such as 
temperature, salinity, density and pH (Kutschan et al., 2010; Petrich and Eicken, 2010), 
the microstructure of sea ice, the brine channels, may be able to extend vertically (and 
horizontally) as these variables change naturally. As the ice warms, the walls of brine 
channels, along with the bottom of the ice, melt and brine channels enlarge, often 
connecting to each other creating larger cavities throughout the ice (Gow and Tucker 
III, 1990; Niedrauer and Martin, 1979). This is demonstrated by a rapid sea-water 
infiltration into the ice and demonstrates possible vertical exchanges through the ice 
(Hudier and Ingram, 1994). With previous investigations having already demonstrated 
vertical migration of benthic diatoms in the water column and sediments (Heckman, 
1985; Pinckney and Zingmark, 1991), there is potential for this to occur in sea ice, as 
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the diatoms may naturally migrate towards the light. The vertical distributions of fatty 
acids established in this study (Fig. 4.10 to 4.13) provide evidence towards both 
suggested explanations. 
Sea ice is a natural system with no clear cut boundaries or regimental and repetitive 
structures; therefore natural variation in the microstructure of sea ice is always clear. 
However, this study has shown that the majority of lipid accumulation occurs within the 
lower 3 cm of sea ice, closest to the ice/water interface, potentially a result of brine 
volumes greater than 5%. A rapid decrease in concentration of all the lipids occurs in 
sections above 3 cm from the ice/water interface. As fatty acid accumulation is however 
more distributed through the sea ice, it demonstrates a wider range of sources that go 
through a spring bloom, than of those who produce HBIs. Two possible preliminary 
explanations for the occurrence of these lipids throughout sea ice are proposed; a) 
entrapment with ice formation and growth and b) extension of brine channels and 
migration, however further investigation is needed to fully test these hypotheses. 
 
5.4 The effect of snow cover on lipid production 
The fourth aim of this study was to investigate the effects (if any) of snow cover on 
lipid concentrations in sea ice. GC/MS analysis of the A section of sea ice cores with 
low, medium and high depths of snow cover (Fig. 5.2) enabled observations of lipid 
content with varying snow depth, to be made. As diatoms are photosynthetic organisms, 
they rely on natural light for growth and production. The depth of snow cover on top of 
sea ice limits the amount of sunlight available to the organisms below and within the sea 
ice (Mackenthun, 1973).  
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Figure 5.2. Mean snow cover (± 1s.d. n = 11) of sea ice collected on the Arctic ICE project over the temporal 
sampling period that were categorised as low, medium and high.  
 
No particular level of snow depth (low, medium or high) gave consistently higher 
concentrations of any of the analytes in the sea ice over the spring sampling period. This 
being said, there is a visible difference in trends between high snow and the other snow 
depths (Fig. 4.15 to Fig. 4.18) with a delay in accumulation of HBIs and fatty acids over 
the temporal sampling period. High levels of snow cover seem to delay the 
accumulation of these lipids in the ice as concentrations remain low at the start of 
sampling (27
th
 April to approximately the 11
th
 May) and rapidly increase later in the 
sampling period. This delay may be due to lower levels of sunlight available to the 
diatoms and therefore limiting the production of organic chemicals produced before 
peak summer radiation levels are reached. Peak concentrations of chlorophyll a in 
samples with high snow cover occurred between 20 and 24 days after peak 
concentrations in the low and medium snow samples. This apparent difference in 
accumulation trends of chlorophyll a with higher snow cover is consistent with previous 
findings (Mundy et al., 2007). 
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This study has been the first to investigate the effect of snow cover on concentrations of 
HBIs I, II and III in sea ice. This is a preliminary study and further investigation into 
the effect of snow depth on HBI accumulation in the ice is needed. 
 
5.5 Comparison of data to previous findings in the Amundsen Gulf 
The fifth aim of this study was to compare the temporal and vertical distributions of I 
and other lipid biomarkers found in this study to previous findings in the Amundsen 
Gulf in 2008 (Brown, 2011). It has already been demonstrated that in the Amundsen 
Gulf, I is produced by diatoms during the spring ice algal bloom in significant 
correlation to fatty acid and chlorophyll a production (Brown et al., 2011). To be able to 
fully understand the production and distributions of I in Arctic sea ice, other regions 
needed to be investigated.  
At higher latitudes, spring blooms occur later in the year due to a delay in both thermal 
stratification and an increase in natural light. However annual variations in the timing of 
production must be taken into account when comparing results from the two sampling 
locations. The spring bloom in the Amundsen Gulf in 2008 ranged from late March to 
mid-May, whilst in Resolute Bay in 2011 the bloom occurred approximately 1-3 weeks 
later and ranged from early May to early June. Differences in the types of sea ice 
collected from each study site also need to be taken into account. Land-fast first-year ice 
was collected on the Arctic ICE project in Resolute Bay 2011whilst both land-fast and 
drift first-year ice were collected on the Circumpolar Flaw Lead system study in the 
Amundsen Gulf 2008 due to necessary ship mobility. Differences in salinity and 
microstructures of the different types of sea ice may affect the algal content within 
(Krembs et al., 2002; Mundy et al., 2007).  
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To allow the comparison of analyte concentrations between the two studies, 
concentrations in sections A and B of the vertical sea ice samples from Resolute Bay 
were converted into concentrations in the lower 10 cm (Table 5.1). The lower 10 cm 
was chosen to be appropriate as temporal sea ice samples from the Amundsen Gulf 
study were measured in the lower 10 cm. This was completed using Equation 5.1. To be 
able to make comparisons, it must be assumed that variability in snow cover from either 
location did not affect concentrations of the analytes in the sea ice. 
 
Equation 5.1.   [       ]      [      ]      [       ]  
 
I contributed smaller proportions to the total HBI content in the lower sections of sea 
ice from Resolute Bay than from the Amundsen Gulf, maximum percentages reached 
24% and 44% respectively. Peak production of I in the lower 10 cm of sea ice was 
approximately 4.5 times greater in Resolute Bay (1.38 ng mL
-1
; 27
th
 May 2011) than the 
Amundsen Gulf (0.31 ng mL
-1
; 1
st
 May 2008), indicating an increase in IP25-producing 
sea ice diatoms.  
In addition to HBIs, fatty acids and chlorophyll were also present in sea ice cores from 
both Resolute Bay and the Amundsen Gulf. The mean total fatty acids commonly 
associated with marine diatoms were consistently higher than production of I in both 
Resolute Bay (ca. x1,080-2,070) and the Amundsen Gulf (ca. x3,600-35,000). The peak 
concentration of diatom fatty acids in the lower 10 cm of the sea ice from Resolute Bay 
was approximately 2.6 times greater than the Amundsen Gulf (2.89 µg mL
-1
 and 1.12 
µg mL
-1
 respectively). Peak production of I and diatom fatty acids in Resolute Bay are 
approximately 3 weeks later than peak production in the Amundsen Gulf between 2011 
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and 2008. This shift in production may be due to latitudinal differences of the sampling 
sites and so different algal bloom timings, or annual changes in production over a three 
year period.  
The peak concentration of chlorophyll a in the lower 10 cm of sea ice was 
approximately 0.7 times lower in Resolute Bay (11 mg m
-2
; 10
th
 May 2011) than the 
Amundsen Gulf (16 mg m
-2
, 8
th
 May 2008).   
 
Table 5.1. Peak abundances and ratios of analytes over the temporal sampling period in the Amundsen Gulf (2008) 
and Resolute Bay (2011). Values calculated for the concentrations in the lower 10 cm of sea ice from Resolute Bay 
(2011) are manipulated from original concentrations of the 0-3 cm and 3-10 cm sections. 
 
Peak concentrations of analytes 
Amundsen Gulf 2008 
0-10cm 
Resolute Bay 2011 
0-10 cm 
Ratio  
Resolute Bay/ 
Amundsen Gulf) 
I 
ng mL-1 
0.31 1.38 4.5 
Total HBIs (I, II and III) 0.71 5.84 8.2 
Diatom fatty acids (FI, FII and FIII) µg mL-1 1.12 2.89 2.6 
Chlorophyll a mg m-2 16 11 0.7 
 
Only general vertical distributions of the lipids in sea ice can be compared between 
Resolute Bay and the Amundsen Gulf as different sectioning methods were adopted. 
Whole sea ice cores (from the ice/water to the ice/snow interfaces) were analysed in 
Resolute Bay, whereas only two high resolution cores, one early and one mid-bloom, (1 
cm horizons) of only the lower 10 cm were analysed in the Amundsen Gulf (Fig. 5.3). 
Vertical distributions of I, diatom fatty acids and chlorophyll a in sea ice from both 
Resolute Bay and the Amundsen Gulf provided further evidence to show the majority of 
accumulation of the lipids to reside within the lower sections of sea ice close to the 
ice/water interface. Brine volumes in sea ice were not calculated in this study in 
Resolute Bay. However, it can be hypothesised that the 5% brine volume threshold is an 
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influential factor on the distribution of I and the other lipids as distributions of I were 
found to be consistent with the threshold in the lower sections in sea ice from the 
Amundsen Gulf (Brown et al., 2011).  
This study has allowed for the comparison of temporal and vertical distributions of I 
and other lipid biomarkers in Arctic sea ice over a spring sampling period. I has been 
shown to be accumulated in sea ice over the spring sea ice bloom in a second spatially 
distant location in the Canadian high Arctic to the Amundsen Gulf. In both Resolute 
Bay and the Amundsen Gulf, I has been shown to accumulate mainly in the lower 
sections of sea ice, close to the ice/water interface. A 3 week later peak in accumulation 
of I in the sea ice was also observed in Resolute Bay in 2011 to the Amundsen Gulf in 
2008. Greater production of I and diatom fatty acids in Resolute Bay show an increase 
in IP25-producing diatoms. However greater chlorophyll a production in the Amundsen 
Gulf shows more contribution from other photosynthetic organisms other than diatoms.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3.  Schematics of sea ice core sectioning in a) Resolute Bay on the Arctic ICE project 2011 and b) the 
Amundsen Gulf on the Circum Polar Flaw Lead system study 2008. 
a 
E 
D 
C 
B 
A 
 0 cm 
b 
10 cm 
72 
 
5.6 Relating this study to other research 
Climate change in the Arctic is currently of great concern of both the general public and 
scientific community, as recent observations of record low sea ice extents (NSIDC, 
2012c) and predictions of rapid sea ice loss have been made (Holland et al., 2006; Wang 
and Overland, 2009). This provokes the need for more scientific research into the 
environmental changes currently taking place in the Arctic and predicted to take place 
in the future, some of which provided by both current and historical sea ice condition 
records. With this in mind, the HBI biomarker IP25 has proven to be beneficial in 
providing further information of past sea ice records in the Norwegian and Canadian 
Arctic from sediment samples (Belt et al., 2007; Belt et al., 2010; Müller et al., 2009; 
Vare et al., 2009). As this biomarker is becoming more commonly referred to in paleo-
sea ice reconstruction research (Massé et al., 2008; Max et al., 2012; Müller et al., 2009; 
Müller et al., 2011; Müller et al., 2012), details of the accumulation and distributions of 
IP25 in sea ice across the Arctic first need to be understood.  
Temporal and vertical distributions of IP25 (along with other lipid biomarkers) have 
previously only been investigated in the Amundsen Gulf. Findings from this study in 
Resolute Bay have provided further evidence towards the spring accumulation of IP25 in 
Arctic sea ice and its localisation mainly in the lower sections of sea ice close to the 
ice/water interface. These findings give evidence towards using IP25 on a pan-Arctic 
level, as its majority of production has been identified over the spring sea ice algal 
bloom in a second location in the Canadian Arctic Archipelago. However to be able to 
use IP25 all over the Arctic, further sampling sites need to be analysed for the 
distribution of IP25 in the sea ice and sediment.  
Considerations into the best way to express IP25 concentrations in sediment to represent 
a semi-quantitative analysis of past sea ice conditions, rather than a presence/absence 
measurement, resulted in the PIP25 index (Müller et al., 2011). This incorporates both 
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the sea ice (IP25) and a supposed open water sterol biomarker (brassicasterol), along 
with a regional specific balance factor, to provide a more detailed assessment of sea ice 
conditions that could be used in climate reconstruction models. This study however 
demonstrated regional differences in cell types of IP25-producing diatoms and other 
single-celled protists and their relative abundances. In a situation of the same or similar 
ice thickness in two Arctic locations, however with different algal biomass and differing 
IP25-producing diatom contribution to that algal content, different PIP25 values may be 
calculated from sediment samples. This questions the use of the PIP25 index to make 
semi-quantitative measurements of paleo-sea ice.  
Another use of IP25 as a biomarker of sea ice derived organic matter has been 
demonstrated to have high potential in Arctic climate research as a dietary source 
indicator (Brown and Belt, 2012a; Brown and Belt, 2012b; Brown et al., 2012). Being 
able to trace sea ice derived primary production through an Arctic food web is needed 
for understanding the reliance of the sea ice as a vital food source for Arctic animals. 
This study further supports the use of IP25 in Arctic food webs as it has been shown that 
the localisation of IP25 mainly in the lower sections of sea ice in Resolute Bay, means 
IP25 (and the other lipids) are readily accessible for consumption. However key 
questions of the metabolic role of IP25 (if any) in Arctic animal species is still unknown 
and requires further investigation. This study has contributed to the current 
understanding of the accumulation and distribution of IP25 in Arctic sea ice, further 
enhancing the use of it in Arctic climate research. 
5.7 Conclusions 
The main aim of this study was to provide a better understanding of IP25 and other lipid 
biomarkers in Arctic sea ice. This has been achieved by completion of the proposed 
objectives. The combined experimental outcomes have provided a comparison to 
previous findings of IP25, and other biomarker, temporal and vertical distributions in 
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Arctic sea ice, further elucidating the use of these paleo-climate indicators. Analysis of 
replicate sea ice samples from Resolute bay collected from late April to early June 
2011, provided further information regarding the distribution of biomarkers, including 
IP25. The definitive outcomes of this study can be summarised as follows: 
i. IP25 and other lipid biomarkers were present in sea ice from Resolute 
Bay over the spring period in 2011 
ii. HBI and chlorophyll a concentrations increase, peak and decrease, 
whereas fatty acid concentrations steadily increase over the temporal 
sampling period 
iii. IP25, fatty acids and chlorophyll a were present throughout sea ice from 
the ice/water to the ice/snow interfaces 
iv. Peak IP25 and chlorophyll a concentrations occurred in the A section 
(lower 0-3 cm) of sea ice, closest to the ice/water interface 
v. Fatty acid accumulation in sea ice was more distributed than HBIs, 
however contribution from the A section increased as the bloom 
progressed 
vi. Overall accumulation of IP25, HBI dienes, diatom fatty acids and 
chlorophyll a were not dependent on snow cover 
vii. In both Resolute Bay and the Amundsen Gulf, IP25 was accumulated in 
sea ice over the relative spring periods and highest concentrations were 
in the lower sections of sea ice, close to the ice/water interface 
5.8 Future work 
Further investigation into the specific species of diatom that produce HBIs including 
IP25 is needed to progress the understanding of these chemicals and the use and 
reliability of IP25 as a spring sea ice biomarker. Further research into the biological role 
of HBIs in diatoms is also needed to give further understanding of the occurrence of 
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these biomarkers. As this study only provides preliminary findings of the effect of snow 
depth on the accumulation of IP25 and other lipids in sea ice, further investigation are 
needed.  
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CHAPTER SIX 
 
6.0 FUTURE WORK: DIETARY SOURCE INDICATORS 
6.1 Introduction 
As IP25 is a specific indicator of Arctic sea ice diatom primary production, it is 
hypothesised that it can be used to trace sea ice derived organic matter through an 
Arctic food web.  As other HBIs have also been identified to be from a phytoplanktonic 
origin, a suite of dietary source indicators, containing IP25,  is proposed (DSIP25; Fig. 
6.1). The hypothesis of the future study is that this suite of chemicals, including IP25, 
can provide information towards dietary sources, tracing sea ice and open water derived 
organic matter through an Arctic food web. Presence of other lipid biomarkers, stable 
isotope data and pigment levels will also provide information towards dietary sources in 
animal species. This is the first biomarker suite to contain a specific sea ice origin proxy 
to access dietary sources in Arctic animal species and recent preliminary research has 
already demonstrated its potential (Brown and Belt, 2012a; Brown and Belt, 2012b; 
Brown et al., 2012). A future study involving a seasonal and spatial, two-part 
comparison study in the Norwegian Arctic will give critical information of species 
dependence on sea ice and effects that sea ice depletion may have on biodiverisity in the 
Arctic.  
 
 
 
 
 
 
Figure 6.1. DSIP25 biomarker suite. I comes from a sea ice origin only. IIa (C25:2(5/6)) and IIb (C25:2(6/17)) come from 
sea ice and phytoplanktic origins. III (C25:3(7/20) E), IIIa (C25:3(7/20) Z) , IIIb (C25:3(5/6)), and IIIc (C25:3(6/17)) are known to 
be from a phytoplanktic origin. 
IIIb 
I IIa IIb III 
IIIa IIIc IIIb I c 
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The contribution of sea ice algae and phytoplanktonic primary production in the Arctic 
marine ecosystem is unclear, therefore the effects from one of these primary sources 
diminishing drastically are unknown. On route to finding out what dependence each 
primary source has on the Arctic food web, being able to distinguish between the two is 
vital to understanding an animals major primary source of food.  
6.1.1 Distinguishing between sources of primary production and energy transfer 
6.1.1.2 Pigments 
Pigment levels have been used to distinguish between marine primary sources (Bridoux, 
2008). As sea ice algae can adapt to changes in light levels, it can show severe 
photoinhibition (Thomas and Dieckmann, 2010). Phytoplankton does not have this 
adaption and enhanced  UV-B  can  decrease  its  productivitity (Behrenfeld et al., 1995; 
Häder and Liu, 1990; Karentz et al., 1991; Lesser et al., 1994; Schofield et al., 1995). 
Phytoplankton therefore contains more photoprotective pigments such as β-carotene 
(Thomas and Dieckmann, 2010) as they need to protect themselves against high levels 
of light.  
6.1.1.3 Stable isotopes 
Stable isotopes are also used to distinguish between these two food sources in grazers 
(Hobson and Welch, 1992; Post, 2002). Particulate organic matter from open water 
(pelagic-POM) and sea ice algae (ice-POM) were found to be isotopically different, ice-
POM generally more enriched in 
13
C than pelagic-POM (δ13C= -20‰ vs. -24‰) and 
less enriched in 
15N (δ15N=1.8‰ vs. 4.0‰) when dominated by typical ice diatoms 
Nitzchia frigida and Melosira arctica (Hobson et al., 1995; Søreide et al., 2006). 
12
C is 
preferable to organisms as it is metabolised faster and is the smaller and lighter isotope. 
After an organism  has metabolised 
12
C, 
13
C values are enriched and can then be 
transfered through the foodweb. Making it possible to follow sea ice algae pathways in 
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an Arctic food web and distinguishing trophic positions. Nitrogen stable isotopes are 
also used to evaluate trophic position (Søreide et al., 2006). 
14
N is preferentially 
catabolised and excreted so enrichment of 
15
N occurs through each trophic level. After 
each trophic transfer this value increases by approximately 3-5‰, (3.4‰ in the lower 
food web (Søreide et al., 2006)) relative to the standard (Cabana and Rasmussen, 1994; 
Peterson and Fry, 1987). Possition of an animals trophic level in a food web can give 
information towards food web models.  
6.1.1.4 Gut analysis 
Gut anaysis is also used to investigate food webs and predator-prey relationships 
(Michener and Lajtha, 2007), by disecting the gut the animals recent prey can be 
identified. This involves the collection and dissection of a wide range of individuals to 
compile general prey knowledge of a species. Some organisms also digest their prey 
rapidly, making identification difficult (Feller et al., 1979). This technique requires a 
high level of taxanomic skills and does not give great detail into overall species prey 
information. It is best used as a snap shot of what the individual ate recently, not always 
a good reflection of the species regular diet, giving only preliminary information of 
predator-prey relationships. 
There are a number of techniques used to investigate predator-prey relationships 
however none are highly specific on their own to give detailed and precise information 
on major sources of primary production. Using the DSIP25 suite alongside these other 
techniques will enable a more precise understanding of Arctic animals primary dietary 
sources. 
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6.2 Aims and objectives 
To be able to further enhance preliminary studies using the DSIP25 biomarker suite 
(Brown and Belt, 2012a; Brown and Belt, 2012b; Brown et al., 2012) and to make 
predictions of possible animal population changes, resulting from a warming Arctic, a 
sampling strategy first needs to be made and adhered to for collection of samples. The 
following objectives of this study are: 
i. To design a comprehensive sampling strategy enabling analysis of lipid 
biomarkers in an Arctic food web 
ii. To collect samples representing a full Arctic food web on the Polar Night 
and MOSJ cruises in the Norwegian Arctic, adhereing to the sampling 
strategy 
6.3 Study location  
Svalbard is a set of archipelago islands in the Norwegian Arctic located in a border area 
of Arctic and North Atlantic climatic and biogeographic zones (Strömberg 1989). The 
Barents sea surrounding Svalbard is influenced by warm Atlantic water coming up in 
the Gulf Stream through the Fram Strait between Svalbard and Greenland and is 
approximately 230 m deep (Loeng 1990; Daase 2012). The main currents around 
Svalbard are the East Spitsbergen current (ESC) which brings colder waters from the 
north down to the Atlantic, and the West Spitsbergen current (WSC) which brings up 
warmer waters from the Atlantic oceans (Harland, Anderson et al. 1997). The WSC runs 
up the western coast of Svalbard and has high inter-annual variability in its strength and 
the amount of Atlantic water being inputted into the Arctic (Saloranta and Haugan 
2001). This colder water influences the temperature and therefore ecosystems of some 
of the western fjords around Svalbard (Overrein 2008).  
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6.3.1 Isfjorden 
Isfjorden (78
o20’N, 15o00’E) is the largest western fjord on Spitsbergen (Nilsen, Cottier 
et al. 2008), the largest island of Svalbard. The mouth of Isfjorden is approximately 10 
km wide and the deepest point is 455 m (Svensksunddypet). Isfjorden is mostly open 
water year-round with frazil ice and thin ice. The Isfjorden system contains a number of 
smaller side-fjords, the more nothern based side-fjords, Tempelfjorden, Nordfjorden 
and the inner part of Billefjorden can contain fast-ice, up to 1m thick (Nilsen, Cottier et 
al. 2008). 
6.3.2 Kongsfjorden 
Kongsfjorden (78
o57’N, 11o57’E)  is another western fjord on Svalbard with an 
approximate maximum depth of 400 m (Svendsen, Beszczynska-Møller et al. 2002). Its 
outer parts are influenced by warmer waters from the WSC whilst its inner parts are 
highly influenced by glacial inputs. These glacial inputs of low salinity water reduce 
biomass, diversity and primary production in the inner fjord (Haakon Hop, Tom 
Pearson et al. 2002). Fast ice can form in the inner, northern part of Kongsfjorden 
between December and early February and glacial ice bergs are sometimes present 
(Gerland, Haas et al. 2004). The area becomes completely ice free during spring and 
complete ice cover is an exceptional event (Svendsen, Beszczynska-Møller et al. 2002).  
6.3.3 Rijpfjorden 
Rijpfjorden (80
o10’N, 22o15’E) is a high-Arctic north facing fjord dominated by cold 
Arctic water, a comparable difference to Isfjorden. The fjord is predominately ice 
covered from October to June (Ambrose, Carroll et al. 2006) however in the summer 
months strong winds can push drifting pack-ice into the fjord. Bottom depths range 
from 200 – 250 m, opening out onto a broad shallow shelf  approximately 200m deep 
(Ambrose, Carroll et al. 2006).  
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6.3.4 Ice station 
The ice station (Polar Night cruise 81
o44’N, 14o02’E and MOSJ cruise 81o23’N, 
15
o13’E) on both sampling cruises was at the ice edge north of Svalbard. Exact 
sampling locations were dependent on mooring and available access through the ice by 
the individual ships (note neither had ice-breaker classification). 
6.4 Research cruises and sampling equipment available 
Both Norwegian  research cruises which allowed collection of the samples, were 
organised and funded by the Norwegian Polar Institute (NPI), University of Tromsø 
(UoT) and the University Centre in Svalbard (UNIS). The Polar Night cruise ran from 
the 8
th
 January 2012 to the 21
st
 January 2012 (RV Helmer Hanssen) and the MOSJ 
cruise ran from the 12
th
 July 2012 to the 21st July 2012 (RV Lance). Figure 6.2 provides 
sample station details and maps. Available sampling equipment on board the vessels 
included trawls, dredges, nets, grabs and corers. Ice divers also collected fauna and algal 
samples by hand or with suction pumps from shallow sampling sights on the MOSJ 
cruise. 
6.5 Sampling strategy 
To represent a full Arctic food web, animal samples from a large range of trophic levels 
needed to be collected. These trophic levels included primary producers such as sea ice 
algae, consumers such as ice fauna and predators such as sea birds. To be able to make a 
comprehensive seasonal and spatial comparison of lipid content and other dietary 
indicators throughout an Arctic food web, samples collected at each comparable 
location needed to be as consistent as possible on each cruise. Table 6.1 shows basic 
details of the planned sampling depending on sampling equipment available and time 
scheduled on each research cruise.  
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Figure 6.2. Maps of stations sampled on the a) Polar Night cruise (8th January 2012 to 21st January 2012) and b) 
MOSJ cruise (12th July 2012 to 21st July 2012) and sampling instruments used on the Polar Night and MOSJ cruises. 
i) Multinet, ii) MIK net, iii) Tucker Trawl, iv) Triangle dredge, v) Multicore, vi) Van Veen Grab, vii) Kovacs Ice 
corer. Photographs by Ashleigh Ringrose and Angelina Kraft. 
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Table 6.1. Sampling strategy for the Polar Night and MOSJ cruises, all samples include atleast 3 replicates of each 
species. 
 
 
6.6 Samples obtained 
The author had the opportunity to participate on the research cruises in January and July 
2012 which allowed the collection of samples in accordance to the sampling strategy. 
Due to natural availability when sampling at some of the sampling stations, some 
animal species were not collected. However, the overall sample set accurately 
represents a basic food web with primary production, consumers and predators, from 
winter and summer in the Norwegian Arctic. Some extra animal samples, which were 
not included in the sampling strategy, were also collected, including some from 
locations other than the main three mentioned in the sampling strategy; Rijpfjorden, 
western fjords and the ice edge. Appendix 1 and Appendix 2 give full details of all 
samples collected on both cruises from all sampling locations. 
  Winter (Polar Night Cruise; January 2012) Summer (MOSJ cruise; July 2012) 
Sample type Sample details Rijpfjorden 
West coast 
fjord 
Ice 
edge 
Rijpfjorden 
West coast 
fjord 
Ice 
edge 
Higher 
predators 
Sea birds  x     
 
Sea ice x  x   x 
Filtered sea water x x x x x x 
Pelagic fauna 
Bulk zooplankton x x  x x  
Ice fauna      x 
Copepod x x  x x  
Chaetognath x x  x x  
Amphipod x x  x x  
Jellyfish    x x  
Pteropod    x x  
Shrimp x x  x x  
Fish including; Polar Cod, 
Greenland Halibut, Haddock and 
American Plaice. 
x x     
Epifauna 
Crab x x  x x  
Bivalve x x  x x  
Starfish x x  x x  
Brittle star x x  x x  
Anemone x x  x x  
Infauna Polychaete worm x x  x x  
 Sediment x x  x x  
84 
 
6.7 Conclusions 
The main aims of this future study are to further enhance preliminary studies using the 
DSIP25 biomarker suite in Arctic food webs and to enable more established predictions 
to be made of possible animal population changes, due to a warming Arctic. The 
following outcomes have been achieved so far in preparation for the future study: 
i. To design a comprehensive sampling strategy enabling analysis of lipid 
biomarkers in an Arctic food web 
ii. To collect samples representing a full Arctic food web on the Polar Night 
and MOSJ cruises in the Norwegian Arctic, adhering to the sampling 
strategy 
This future study will further elucidate the use of IP25 and other HBI biomarkers to 
follow organic matter through Arctic food webs. It may be able to provide information 
of the dependence of certain Arctic species on sea ice and/or open water primary 
production and therefore contribute to Arctic ecosystem and climate prediction models. 
 
85 
 
REFERENCES  
Ackley, S.F., 1982. Ice scavenging and nucleation: two mechanisms for incorporation of algae 
into newly-formed sea ice. Eos Transactions American Geophysical Union 63, 54. 
Ackley, S.F., 1987. Algal and foram incorporation into new sea ice. Eos Transactions American 
Geophysical Union 68, 1736. 
Allard, G.W., Belt, S.T., Massé, G., Naumann, R., Robert, J.M., Rowland, S.J., 2001. Tetra-
unsaturated sesterterpenoids (Haslenes) from Haslea ostrearia and related species. 
Phytochemistry 56, 795-800. 
Amstrup, S.C., Durner, G.M., McDonald, T.L., Mulcahy, D.M., Garner, G.W., 2001. 
Comparing movement patterns of satellite-tagged male and female polar bears. Canadian 
Journal of Zoology 79, 2147-2158. 
Anderson, N.J., 1989. A whole-basin diatom accumulation rate for a small eutrophic lake in 
northern Ireland and its palaeoecological implications. Journal of Ecology 77, 926-946. 
Arrigo, K.R., Sullivan, C.W., 1992. The influence of salinity and temperature covariation on the 
photophysiological characteristics of Antartic sea ice microalgae. Journal of Phycology 28, 746-
756. 
Arts, M.T., Brett, M.T., Kainz, M.J., 2009. Lipids in aquatic ecosystems. Springer, New York. 
Barber, D.G., Asplin, M.G., Raddatz, R.L., Candlish, L.M., Nickels, S., Meakin, S., Hochheim, 
K.P., Lukovich, J.V., Galley, R.J., Prinsenberg, S.J., 2012. Change and variability in sea ice 
during the 2007–2008 Canadian International Polar Year program. Climatic Change 115, 115-
133. 
Battarbee, R.W., Charles, D.F., Bigler, C., Cumming, B.F., Renberg, I., 2010. Diatoms as 
indicators of surface-water acidity, in: Smol, J.P., Stoermer, E.F., (Ed.), The Diatoms: 
Applications for the environmental and earth sciences (2
nd
 ed.). Cambridge Univeristy Press, 
Cambridge. 
Behrenfeld, M.J., Lean, D.R.S., Lee, H., 1995. Ultraviolet-B radiation effects on inorganic 
nitrogen uptake by natural assemblages of oceanic plankton. Journal of Phycology 31, 25-36. 
Belt, S.T., Allard, W.G., Massé, G., Robert, J.M., Rowland, S.J., 2000. Highly branched 
isoprenoids (HBIs): identification of the most common and abundant sedimentary isomers. 
Geochimica et Cosmochimica Acta 64, 3839-3851. 
Belt, S.T., Brown, T.A., Navarro Rodriguez, A., Cabedo Sanz, P., Tonkin, A., Ingle, R., 2012. 
A reproducible method for the extraction, identification and quantification of the Arctic sea ice 
proxy IP25 from marine sediments. Analytical Methods 4, 705. 
Belt, S.T., Massé, G., Rowland, S.J., Poulin, M., Michel, C., Le Blanc, B., 2007. A novel 
chemical fossil of palaeo sea ice: IP25. Organic Geochemistry 38, 16-27. 
Belt, S.T., Massé, G., Vare, L.L., Rowland, S.J., Poulin, M., Sicre, M.A., Sampei, M., Fortier, 
L., 2008. Distinctive 
13
C isotopic signature distinguishes a novel sea ice biomarker in Arctic 
sediments and sediment traps. Marine Chemistry 112, 158-167. 
86 
 
Belt, S.T., Vare, L.L., Massé, G., Manners, H.R., Price, J.C., MacLachlan, S.E., Andrews, J.T., 
Schmidt, S., 2010. Striking similarities in temporal changes to spring sea ice occurrence across 
the central Canadian Arctic Archipelago over the last 7000 years. Quaternary Science Reviews 
29, 3489-3504. 
Benoit, D., Simard, Y., Fortier, L., 2008. Hydroacoustic detection of large winter aggregations 
of Arctic cod (Boreogadus saida) at depth in ice-covered Franklin Bay (Beaufort Sea). Journal 
of Geophysical research 113. 
Bergmann, M.A., Welch, H.E., Butler-Walker, J.E., Siferd, T.D., 1991. Ice algal photosynthesis 
at resolute and saqvaqjuac in the Canadian arctic. Journal of Marine Systems 2, 43-52. 
Booth, B.C., Horner, R.A., 1997. Microalgae on the arctic ocean section, 1994: species 
abundance and biomass. Deep Sea Research Part II: Topical Studies in Oceanography 44, 1607-
1622. 
Bradstreet, M.S.W., 1979. Thick-billed murres and black guillemots in the Barrow Strait area, 
N.W.T., during spring: distribution and habitat use. Canadian Journal of Zoology 57, 1789-
1802. 
Brassell, S.C., Eglinton, G., Marlowe, I.T., Pflaumann, U., Sarnthein, M., 1986. Molecular 
stratigraphy: a new tool for climatic assessment. Nature 320, 129-133. 
Bridoux, M.C., 2008. Algal biomarkers and their metabolites in the lower food web of the Great 
Lakes, analysed by HPLC -PDA/FL, LC-MS and GC-MS, School of public health. University 
of Albany, New York. 
Brown, T., 2011. Production and preservation of the Arctic sea ice diatom IP25, Petroleum and 
Environmental Geochemistry Group, School of Geography, Earth and Environmental Sciences. 
University of Plymouth, Plymouth. 
Brown, T., Belt, S., 2012a. Closely linked sea ice-pelagic coupling in the Amundsen Gulf 
revealed by the sea ice diatom biomarker IP25. Journal of Plankton Research 34, 647-654. 
Brown, T.A., Belt, S.T., 2012b. Identification of the sea ice diatom biomarker IP25 in Arctic 
benthic macrofauna: direct evidence for a sea ice diatom diet in Arctic heterotrophs. Polar 
Biology 35, 131-137. 
Brown, T.A., Belt, S.T., Philippe, B., Mundy, C.J., Massé, G., Poulin, M., Gosselin, M., 2011. 
Temporal and vertical variations of lipid biomarkers during a bottom ice diatom bloom in the 
Canadian Beaufort Sea: further evidence for the use of the IP25 biomarker as a proxy for spring 
Arctic sea ice. Polar Biology 34, 1857-1868. 
Brown, T.A., Belt, S.T., Piepenburg, D., 2012. Evidence for a pan-Arctic sea-ice diatom diet in 
Strongylocentrotus spp. Polar Biology 35, 1281-1287. 
Cabana, G., Rasmussen, J.B., 1994. Modelling food chain structure and contaminant 
bioaccumulation using stable nitrogen isotopes. Nature 372, 255-257. 
Campbell, K., Galindo, V., Landy, J., 2011. Arctic-ICE (Arctic – Ice-Covered Ecosystem in a 
Rapidly Changing Environment) 2011 Field Report: A sea ice-based study in Allen Bay, NU, 
Canada. University of Manitoba, Winnipeg, Manitoba. 
87 
 
Carey, A.G., Boudrias, M.A., 1987. Feeding ecology of Pseudalibrotus (=Onisimus) litoralis 
Kröyer (Crustacea: Amphipoda) on the Beaufort Sea inner continental shelf. Polar Biology 8, 
29-33. 
Cermeño, P., Marañón, E., Romero, O. E., 2013. Response of marine diatom communities to 
Late Quaternary abrupt climate changes. Journal of Plankton Research 35, 12-21. 
Chmura, G.L., Santos, A., Pospelova, V., Spasojevic, Z., Lam, R., Latimer, J.S., 2004. 
Response of three paleo-primary production proxy measures to development of an urban 
estuary. Science of the total environment 320, 225-243. 
Christodoulou, S., Joux, F., Marty, J.C., Sempéré, R., Rontani, J.F., 2010. Comparative study of 
UV and visible light induced degradation of lipids in non-axenic senescent cells of Emiliania 
huxleyi. Marine Chemistry 119, 139-152. 
Codispoti, L.A., Friederich, G.E., Sakamoto, C.M., Gordon, L.I., 1991. Nutrient cycling and 
primary production in the marine systems of the Arctic and Antarctic. Journal of Marine 
Systems 2, 359-384. 
Cox, G.F.N., Weeks, W.F., 1983. Equations for determining the gas and brine volumes in sea-
ice samples. Journal Of Glaciology 29, 306-316. 
Darley, W.M., 1977. Biochemical composition, in: Werner, D. (Ed.), The Biology of Diatoms. 
Univeristy of California Press, Berkeley, California. 
Derocher, A.E., 2012. Polar Bears: A Complete Guide to Their Biology and Behavior. The 
Johns Hopkins University Press, Baltimore. 
Dunstan, G.A., Volkman, J.K., Barrett, S.M., Leroi, J., Jeffrey, S.W., 1993. Essential 
polyunsaturated fatty acids from 14 species of diatom (Bacillariophyceae). Phytochemistry 35, 
155-161. 
Eide, L.I., Martin, S., 1975. The formation of brine drainage features in young sea ice. Journal 
of Glaciology 14, 137-154. 
Falk-Petersen, S., Timofeev, S., Pavlov, V., Sargent, J.R., 2007. Climate variability and possible 
effects on Arctic food chains: The role of Calanus. , in: Ørbæk, J.B., Tombre, T., Kallenborn, 
R., Hegseth, E., Falk-Petersen, S., Hoel, A.H. (Eds.), Arctic Alpine Ecosystems and People in a 
Changing Environment. Springer Verlag, Berlin, pp. 147 - 166. 
Falkowski, P.G., Barber, R.T., Smetacek, V., 1998. Biogeochemical controls and feedbacks on 
ocean primary production. Science 281, 200-206. 
Feller, R.J., Taghon, G.L., Gallagher, E.D., Kenny, G.E., Jumars, P.A., 1979. Immunological 
methods for food web analysis in a soft-bottom benthic community. Marine Biology 54, 61-74. 
Finley, K.J., Miller, G.W., Davis, R.A., Koski, W.R., 1983. A distinctive large breeding 
population of ringed seals (Phoca hispida) inhabiting the Baffin Bay Pack Ice. Arctic 36, 162-
173. 
Fukuchi, M., Legendre, L., Hoshiai, T., 1997. The Canada-Japan SARES project on the first-
year ice of Saroma-ko Lagoon (northern Hokkaido, Japan) and Resolute Passage (Canadian 
High Arctic). Journal of Marine Systems 11, 1-8. 
88 
 
Gearing, P., Gearing, J.N., Lytle, T.F., Lytle, J.S., 1976. Hydrocarbons in 60 northeast Gulf of 
Mexico shelf sediments: a preliminary survey. Geochimica et Cosmochimica Acta 40, 1005-
1017. 
Gersonde, R., Zielinski, U., 2000. The reconstruction of late Quaternary Antarctic sea-ice 
distribution - the use of diatoms as a proxy for sea-ice. Palaeogeography, Palaeoclimatology, 
Palaeoecology 162, 263–286. 
Gill, M.J., Crane, K., Hindrum, R., Arneberg, P., Bysveen, I., Denisenko, N.V., Gofman, V., 
Grant-Friedman, A., Gudmundsson, G., Hopcroft, R.R., Iken, K., Labansen, A., Liubina, O.S., 
Melnikov, I.A., Moore, S.E., Reist, J.D., Sirenko, B.I., Stow, J., Ugarte, F., Vongraven, D., 
Watkins, J., 2011. Arctic marine biodiversity monitoring plan  (CBMP-Marine plan). 
Conservation of Arctic flora and fauna working group, Akureyri, Iceland. 
Gillan, F.T., McFadden, G.I., Wetherbee, R., Johns, R.B., 1981. Sterols and fatty acids of an 
Antarctic sea ice diatom, Stauroneis amphioxys. Phytochemistry 20, 1935-1937. 
Golden, K.M., Eicken, H., Heaton, A.L., Miner, J., Pringle, D.J., Zhu, J., 2007. Thermal 
evolution of permeability and microstructure in sea ice. Geophysical Research Letters 34, 
L16501. 
Gosselin, M., Levasseur, M., Wheeler, P.A., Horner, R.A., Booth, B.C., 1997. New 
measurements of phytoplankton and ice algal production in the Arctic Ocean. Deep Sea 
Research Part II: Topical Studies in Oceanography 44, 1623-1644. 
Gow, A.J., Tucker III, W.B., 1990. Sea ice in the polar region, in: Smith, J.W.O. (Ed.), Polar 
Oceanography Part A. Physical Science. Academic Press, New York, pp. 47-122. 
Gradinger, R.R., Bluhm, B.A., 2004. In-situ observations on the distribution and behaviour of 
amphipods and Arctic cod (Boreogadus saida) under the sea ice of the High Arctic Canada 
Basin. Polar Biology 27, 595-603. 
Gran, H.H., 1904. Diatomaceae from ice floes and plankton of the Arctic Ocean. Longmans, 
Green & Co, Boston. 
Grant, W.S., Horner, R.A., 1976. Growth responses to salinity variation in four Arctic ice 
diatoms. Journal of Phycology 12, 180-185. 
Gregory, T.R., Smart, C.W., Hart, M.B., Massé, G., Vare, L.L., Belt, S.T., 2010. Holocene 
palaeoceanographic changes in Barrow Strait, Canadian Arctic: foraminiferal evidence. Journal 
of Quaternary Science 25, 903-910. 
Häder, D.-P., Liu, S.-M., 1990. Motility and gravitactic orientation of the flagellate Euglena 
gracilis, impaired by artificial and solar UV-B radiation. Current Microbiology 21, 161-168. 
Hammill, M.O., Lydersen, C., Ryg, M., Smith, T.G., 1991. Lactation in the ringed seal (Phoca 
hispida). Canadian Journal of Fisheries and Aquatic Sciences 48, 2471-2476. 
Heckman, C.W., 1985. The development of vertical migration patterns in the sediments of 
estuaries as a strategy for algae to resist drift with tidal currents. Internationale Revue der 
gesamten Hydrobiologie und Hydrographie 70, 151-164. 
Hegseth, E.N., 1998. Primary production of the northern Barents Sea. Polar Research 17, 113-
123. 
89 
 
Hobson, K.A., Ambrose, W.G., Renaud, P.E., 1995. Sources of primary production, benthic-
pelagic coupling and trophic relationships within the Northeast water polynya; insights from 
delta 
13
C and delta 
15
N analysis. Marine Ecology Progress Series 128, 1-10. 
Hobson, K.A., Welch, H.E., 1992. Determination of trophic relationships with a high Arctic 
marine food web using delta 
13
C and delta 
15
N analysis. Marine Ecology Progress Series 84, 9-
18. 
Holland, M.M., Bitz, C.M., Tremblay, B., 2006. Future abrupt reductions in the summer Arctic 
sea ice. Geophysical Research Letters 33, 1-5. 
Holm-Hansen, O., Lorenzen, C.J., Holmes, R.W., Strickland, J.D.H., 1965. Fluorometric 
Determination of Chlorophyll. Journal du Conseil 30, 3-15. 
Horner, R., Schrader, G.C., 1982. Relative contributions of ice algae, phytoplankton, and 
benthic microalgae to primary production in nearshore regions of the Beaufort Sea. Arctic 35, 
485-503. 
Hsiao, S., 1992. Dynamics of ice algae and phytoplankton in Frobisher Bay. Polar Biology 12, 
645-651. 
Hudier, E., Ingram, G., 1994. Small scale melt processes governing the flushing of nutrients 
from a first-year sea ice, Hudson Bay, Canada. Oceanologica Acta 17, 397-403. 
IPY-API, 2010. Key findings from the International Polar Year 2007-2008 at Fisheries and 
Oceans Canada: Executive summary. Communications Branch Fisheries and Oceans Canada, 
Ottawa, Ontario. 
Johns, L., Wraige, E.J., Belt, S.T., Lewis, C.A., Massé, G., Robert, J.M., Rowland, S.J., 1999. 
Identification of a C25 highly branched isoprenoid (HBI) diene in Antarctic sediments, Antarctic 
sea-ice diatoms and cultured diatoms. Organic Geochemistry 30, 1471-1475. 
Karentz, D., Cleaver, J.E., Mitchell, D.L., 1991. Cell survival characteristics and molecular 
responses of Antarctic phytoplankton to ultraviolet-B radiation. Journal of Phycology 27, 326-
341. 
Krembs, C., Tuschling, K., Juterzenka, K.V., 2002. The topography of the ice-water interface - 
its influence on the colonization of sea ice by algae. Polar Biology 25, 106-117. 
Kutschan, B., Morawetz, K., Gemming, S., 2010. Modeling the morphogenesis of brine 
channels in sea ice. Physical Review E 81, 1-11. 
Laurion, I., Demers, S., Vézina, A.F., 1995. The microbial food web associated with the ice 
algal assemblage: biomass and bacterivory of nanoflagellate protozoans in Resolute Passage 
(High Canadian Arctic). Marine Ecology Progress Series 120, 77-87. 
Lee, S.H., Whitledge, T.E., Kang, S.H., 2008. Spring time production of bottom ice algae in the 
landfast sea ice zone at Barrow, Alaska. Journal of Experimental Marine Biology and Ecology 
367, 204-212. 
Legendre, L., 1990. The significance of microalgal blooms for fisheries and for the export of 
particulate organic carbon in oceans. Journal of Plankton Research 12, 681-699. 
90 
 
Lesser, M.P., Cullen, J.J., Neale, P.J., 1994. Carbon uptake in a marine diatom during acute 
exposure to ultraviolet B radiation: relative importance of damage and repair. Journal of 
Phycology 30, 183-192. 
Lindsay, R.W., Zhang, J., 2005. The thinning of Arctic sea ice, 1988–2003: Have we passed a 
tipping point? Journal of Climate 18, 4879-4894. 
Liu, J., Curry, J.A., Hu, Y., 2004. Recent Arctic sea ice variability: connections to the Arctic 
Oscillation and the ENSO. Geophysical Research Letters 31, L09211. 
Lizotte, M.P., Sullivan, C.W., 1992. Biochemical composition and photosynthate distribution in 
sea ice algae of McMurdo Sound, Antarctica – Evidence for nutrient stress during the spring 
bloom. Antarctic Science 4, 23-30. 
Mackenthun, K., 1973. Toward a cleaner aquatic environment. Environmental protection 
agency office of air and water programs. 
Maranger, R., Bird, D.F., Juniper, K., 1994. Viral and bacterial dynamics in Arctic sea ice 
during the spring algal bloom near Resolute, N.W.T., Canada. Marine Ecology Progress Series 
111, 121-127. 
Massé, G., Rowland, S.J., Sicre, M.A., Jacob, J., Jansen, E., Belt, S.T., 2008. Abrupt climate 
changes for Iceland during the last millennium: Evidence from high resolution sea ice 
reconstructions. Earth and Planetary Science Letters 269, 565-569. 
Max, L., Riethdorf, J.R., Tiedemann, R., Smirnova, M., Lembke-Jene, L., Fahl, K., Nürnberg, 
D., Matul, A., Mollenhauer, G., 2012. Sea surface temperature variability and sea-ice extent in 
the subarctic northwest Pacific during the past 15,000 years. Paleoceanography 27, PA3213. 
McBean, G., 2005. Note in association with the Arctic Climate Impact Assessment overview 
report 'Impacts of a warming Arctic', Arctic temperature change - Over the past 100 years. 
Cambridge University Press, Cambridge. 
Michel, C., Ingram, R.G., Harris, L.R., 2006. Variability in oceanographic and ecological 
processes in the Canadian Arctic Archipelago. Progress In Oceanography 71, 379-401. 
Michener, R.H., Lajtha, K., 2007. Stable isotopes in ecology and environmental science, 2 ed. 
Blackwell, Malden, USA. 
Morata, N., Poulin, M., Renaud, P.E., 2010. A multiple biomarker approach to tracking the fate 
of an ice algal bloom to the sea floor. Polar Biology 34, 101-112. 
Müller, J., Massé, G., Stein, R., Belt, S.T., 2009. Variability of sea-ice conditions in the Fram 
Strait over the past 30,000 years. Nature Geoscience 2, 772-776. 
Müller, J., Wagner, A., Fahl, K., Stein, R., Prange, M., Lohmann, G., 2011. Towards 
quantitative sea ice reconstructions in the northern North Atlantic: A combined biomarker and 
numerical modelling approach. Earth and Planetary Science Letters 306, 137-148. 
Müller, J., Werner, K., Stein, R., Fahl, K., Moros, M., Jansen, E., 2012. Holocene cooling 
culminates in sea ice oscillations in Fram Strait. Quaternary Science Reviews 47, 1-14. 
91 
 
Mundy, C., Barber, D., Michel, C., Marsden, R., 2007. Linking ice structure and microscale 
variability of algal biomass in Arctic first-year sea ice using an in situ photographic technique. 
Polar Biology 30, 1099-1114. 
Mundy, C.J., Gosselin, M., Ehn, J., Gratton, Y., Rossnagel, A., Barber, D.G., Martin, J., 
Tremblay, J.É., Palmer, M., Arrigo, K.R., Darnis, G., Fortier, L., Else, B., Papakyriakou, T., 
2009. Contribution of under-ice primary production to an ice-edge upwelling phytoplankton 
bloom in the Canadian Beaufort Sea. Geophysical Research Letters 36, L17601. 
Nichols, D.S., 2003. Prokaryotes and the input of polyunsaturated fatty acids to the marine food 
web. FEMS Microbiology Letters 219, 1-7. 
Nichols, D.S., Nichols, P.D., Sullivan, C.W., 1993. Fatty acid, sterol and hydrocarbon 
composition of Antarctic sea ice diatom communities during the spring bloom in McMurdo 
Sound. Antarctic Science 5, 271-278. 
Nichols, P.D., Klumpp, D.W., Johns, R.B., 1986. Lipid components and utilization in 
consumers of a seagrass community: An indication of carbon source. Comparative 
Biochemistry and Physiology - Part B: Biochemistry 83, 103-113. 
Nichols, P.D., Palmisano, A.C., Rayner, M.S., Smith, G.A., White, D.C., 1989. Changes in the 
lipid composition of Antarctic sea-ice diatom communities during a spring bloom: an indication 
of community physiological status. Antarctic Science 1, 133-140. 
Niedrauer, T.M., Martin, S., 1979. An experimental study of brine drainage and convection in 
young sea ice. Journal of Geophysical Research 84, 1176-1186. 
NOAA, 2012. Weekly sea surface temperature anomalies. Accessed 17/02/2012. 
Nomura, D., Shirasawa, K., Matoba, S., Nishioka, J., Toyota, T., 2009. Nutrient status of snow 
cover and sea ice in the southern Sea of Okhotsk, Proceedings of the Fourth Workshop on the 
Okhotsk Sea and Adjacent Areas: PICES scientific report 36. North Pacific Marine Sciences 
Organisation, Sidney, British Columbia. 
NSIDC, 2012a. Arctic sea ice extent. Accessed 04/11/2012. 
NSIDC, 2012b. All about sea ice: Thermodynamics. Accessed 06/11/2012. 
NSIDC, 2012c. All about sea ice: Ice formation. Accessed 15/10/2012. 
Opute, F.I., 1974. Lipid and Fatty-acid Composition of Diatom. Journal of Experimental Botany 
25, 823-835. 
Palmisano, A.C., SooHoo, J.B., Sullivan, C.W., 1985. Photosynthesis-irradiance relationships in 
sea ice microalgae from McMurdo sound, Antarctica. Journal of Phycology 21, 341-346. 
Parkinson, C.L., Cavalieri, D.J., 2008. Arctic sea ice variability and trends, 1979-2006. Journal 
of Geophysical Research 113, C07003. 
Parsons, T.R., Maita, Y., Lalli, C.M., 1984. A Manual of Chemical and Biological Methods for 
Seawater Analysis, 1 ed. Pergamon Press, New York. 
Peterson, B.J., Fry, B., 1987. Stable isotopes in ecosystem studies. Annual Review of Ecology 
and Systematics 18, 293-320. 
92 
 
Petrich, C., Eicken, E., 2010. Growth, strucutre and properties of sea ice, in: Thomas, D.N., 
Dieckmann, G.S. (Eds.), Sea Ice, 2 ed. Wiley-Blackwell, Oxford. 
Pinckney, J., Zingmark, R.G., 1991. Effects of tidal stage and sun angles on intertidal benthic 
microalgal productivity. Marine Ecology Process Series 76, 81--89. 
Post, D.M., 2002. Using stable isotopes to estimate trophic position: models, methods and 
assumptions. Ecology 83, 703-718. 
Rafferty, J.P., 2011. Glaciers, sea ice and ice formation, 1 ed. Britannica Educational 
Publishing, New York. 
Rampen, S.W., 2009. Molecular fossils of diatoms: Applications in petroleum geochemistry and 
palaeoenvironmental studies, 1 ed, Biddinghuizen. 
Rampen, S.W., Abbas, B.A., Schouten, S., Damste, J.S.S., 2010. A comprehensive study of 
sterols in marine diatoms (bacillariophyta): Implications for their use as tracers for diatom 
productivity. American Society of Limnology and Oceanography 55, 91-105. 
Renaud, P.E., Andrea Riedel, A., Michel, C., Morata, N., Gosselin, M., Juul-Pedersen, T., 
Chiuchiolo, A., 2007. Seasonal variation in benthic community oxygen demand: A response to 
an ice algal bloom in the Beaufort Sea, Canadian Arctic? Journal of Marine Systems 67, 1-12. 
Reuss, N., Poulsen, L., 2002. Evaluation of fatty acids as biomarkers for a natural plankton 
community. A field study of a spring bloom and a post-bloom period off West Greenland. 
Marine Biology 141, 423-434. 
Riedel, A., Michel, C., Poulin, M., Lessard, S., 2003. Canadian Data Report of Hydrography 
and Ocean Sciences Winnipeg, Manitoba. 
Robson, J.N., Rowland, S.J., 1986. Identification of novel widely distributed sedimentary 
acyclic sesterterpenoids. Nature 324, 561-563. 
Rontani, J.F., Koblížek, M., Beker, B., Bonin, P., Kolber, Z., 2003. On the origin of cis -
vaccenic acid photodegradation products in the marine environment. Lipids 38, 1085-1092. 
Rothrock, D.A., Yu, Y., Maykut, G.A., 1999. Thinning of the Arctic sea ice cover. Geophysical 
Research Letters 26, 3469-3472. 
Round, F.E., 1981. Phytoplankton, The ecology of algae. Cambridge University Press, 
Cambridge, p. 243. 
Rowland, S.J., Belt, S.T., Wraige, E.J., Massé, G., Roussakis, C., Robert, J.M., 2001. Effects of 
temperature on polyunsaturation in cytostatic lipids of Haslea ostrearia. Phytochemistry 56, 
597-602. 
Rózanska, M., Gosselin, M., Poulin, M., Wiktor, J.M., Michel, C., 2009. Influence of 
environmental factors on the development of bottom ice protist communities during the winter-
spring transition. Marine Ecology Progress Series 386, 43-59. 
Sakshaug, E., 2004. Primary and secondary production in the Arctic seas, in: Stein, R., 
Macdonald, R.W. (Eds.), The organic carbon cycle in the Arctic ocean. Springer-Verlag, Berlin, 
pp. 57-58. 
93 
 
Schofield, O., Kroon, B.M.A., Prézelin, B.B., 1995. Impact of UV-B radiation on photosystem 
II activity and its relationship to the inhibition of carbon fixation rates for Antarctic ice algae 
communities. Journal of Phycology 31, 703 - 715. 
Sicko-Goad, L., Simmons, M.S., Lazinsky, D., Hall, J., 1988. Effect of light cycle on diatom 
fatty acid composition and quantitative morphology. Journal of Phycology 24, 1-7. 
Siferd, T.D., Conover, R.J., 1992. Natural history of  ctenophores in the Resolute Passage area 
of  the Canadian High Arctic with special reference to Mertensia ovum. Marine Ecology 
Progress Series 86, 133-144. 
Sime-Ngando, T., Gosselin, M., Juniper, S.K., Levasseur, M., 1997. Changes in sea-ice 
phagotrophic microprotists (20–200 μm) during the spring algal bloom, Canadian Arctic 
Archipelago. Journal of Marine Systems 11, 163-172. 
Sinninghe Damsté, J.S., Schouten, S., Rijpstra, W.I.C., Hopmans, E.C., Peletier, H., Gieskes, 
W.W.C., Geenevasen, J.A.J., 1999. Structural identification of the C25 highly branched 
isoprenoid pentaene in the marine diatom Rhizosolenia setigera. Organic Geochemistry 30, 
1581-1583. 
Smith, R.E.H., Anning, J., Clement, P., Cota, G., 1988. Abundance and production of ice algae 
in Resolute Passage, Canadian Arctic. Marine Ecology Progress Series 48, 251-263. 
Smith, R.E.H., Cavaletto, J.F., Eadie, B.J., Gardner, W.S., 1993. Growth and lipid composition 
of high Arctic ice algae during the spring bloom at Resolute, Northwest Territories, Canada. 
Marine Ecology Progress Series 97, 19-29. 
Smith, T.G., 1987. The ringed seal, Phoca hispida, of the Canadian western arctic. Deptartment 
of Fisheries and Oceans, Ottawa. 
Smith, T.G., Harwood, L.A., 2001. Observations of neonate ringed seals, Phoca hispida, after 
early break-up of the sea ice in Prince Albert Sound, Northwest Territories, Canada, spring 
1998. Polar Biology 24, 215-219. 
Søreide, J.E., Hop, H., Carroll, M.L., Falk-Petersen, S., Hegseth, E.N., 2006. Seasonal food web 
structures and sympagic–pelagic coupling in the European Arctic revealed by stable isotopes 
and a two-source food web model. Progress In Oceanography 71, 59-87. 
Søreide, J.E., Leu, E.V.A., Berge, J., Graeve, M., Falk-Petersen, S., 2010. Timing of blooms, 
algal food quality and Calanus glacialis reproduction and growth in a changing Arctic, Global 
Change Biology. 
Stirling, I., Lunn, N.J., Iacozza, J., 1999. Long-term trends in the population ecology of Polar 
Bears in Western Hudson Bay in relation to climatic change. Arctic 52, 294-306. 
Syvertsen, E.E., 1991. Ice algae in the Barents Sea: types of assemblages, origin, fate and role in 
the ice-edge phytoplankton bloom. Polar Research 10, 277-288. 
Thomas, D.N., Dieckmann, G.S., 2010. Sea Ice, Second ed. Wiley-Blackwell, Oxford. 
Ulrich, K., 1994. Comparative animal biochemistry. Springer-Verlag, Berlin. 
94 
 
Vare, L.L., Massé, G., Gregory, T.R., Smart, C.W., Belt, S.T., 2009. Sea ice variations in the 
central Canadian Arctic Archipelago during the Holocene. Quaternary Science Reviews 28, 
1354-1366. 
Vézina, A.F., Demers, S., Laurion, I., Sime-Ngando, T., Kim Juniper, S., Devine, L., 1997. 
Carbon flows through the microbial food web of first-year ice in Resolute passage (Canadian 
High Arctic). Journal of Marine Systems 11, 173-189. 
Volkman, J.K., 1986. A review of sterol markers for marine and terrigenous organic matter. 
Organic Geochemistry 9, 83-99. 
Volkman, J.K., Barrett, S.M., Blackburn, S.I., Mansour, M.P., Sikes, E.L., Gelin, F., 1998. 
Microalgal biomarkers: A review of recent research developments. Organic Geochemistry 29, 
1163-1179. 
Volkman, J.K., Barrett, S.M., Dunstan, G.A., 1994. C25 and C30 highly branched isoprenoid 
alkenes in laboratory cultures of two marine diatoms. Organic Geochemistry 21, 407-414. 
Wang, M., Overland, J.E., 2009. A sea ice free summer Arctic within 30 years? Geophysical 
Research Letters 36, L07502. 
Wassmann, P., Reigstad, M., Haug, T., Rudels, B., Carroll, M.L., Hop, H., Gabrielsen, G.W., 
Falk-Petersen, S., Denisenko, S.G., Arashkevich, E., Slagstad, D., Pavlova, O., 2006a. Food 
webs and carbon flux in the Barents Sea. Progress In Oceanography 71, 232-287. 
Wassmann, P., Slagstad, D., Riser, C.W., Reigstad, M., 2006b. Modelling the ecosystem 
dynamics of the Barents Sea including the Marginal Ice Zone: II. Carbon flux and interannual 
variability. Journal of Marine Systems 59, 1-24. 
Welch, H.E., Bergmann, M.A., Siferd, T.D., Martin, K.A., Curtis, M.F., Crawford, R.E., 
Conover, R.J., Hop, H., 1992. Energy flow through the marine ecosystem of the Lancaster 
Sound region, Arctic Canada. Arctic 45, 343 - 357. 
Winton, M., 2006. Amplified Arctic climate change: What does surface albedo feedback have to 
do with it? Geophysical Research Letters 33, L03701. 
Woodgate, R.A., Aagaard, K., Weingartner, T.J., 2006. Interannual changes in the Bering Strait 
fluxes of volume, heat and freshwater between 1991 and 2004. Geophysical Research Letters 
33, L15609. 
Wraige, E.J., Belt, S.T., Lewis, C.A., Cooke, D.A., Robert, J.M., Massé, G., Rowland, S.J., 
1997. Variations in structures and distributions of C25 highly branched isoprenoid (HBI) alkenes 
in cultures of the diatom, Haslea ostrearia (Simonsen). Organic Geochemistry 27, 497-505. 
Yongmanitchai, W., Ward, O.P., 1989. Omega-3 fatty acids alternative sources of production. 
Process Biochemistry 24, 117-125. 
Zhang, J., 2005. Warming of the arctic ice-ocean system is faster than the global average since 
the 1960s. Geophysical Research Letters 32, L19602. 
Zhukova, N.V., Aizdaicher, N.A., 1995. Fatty acid composition of 15 species of marine 
microalgae. Phytochemistry 39, 351-356. 
 
95 
 
 
APPENDIX 1. Sampling log from the Polar Night Cruise (January 2012) 
 
Sampling 
station 
Date Time GPS N 
GPS 
E 
Sampling 
instrument 
Bottom 
water 
depth 
(m) 
Trawled 
depth 
(m) 
Co-samplers Replicates Type of sample Genus Species 
Whole 
or sub 
sample 
Bjornoya 11/01/12 03:30 74o44 19o15 TD 94.9 94.9 JB, JN 12 Lyre Crab Hyas arameus Whole 
Bjornoya 11/01/12 03:30 74o44 19o15 TD 94.9 94.9 JB, JN 5 Hermet Crab Pagurus pubescens Whole 
Bjornoya 11/01/12 03:30 74o44 19o15 TD 94.9 94.9 JB, JN 4 Snail Buccinum sp. Whole 
Bjornoya 11/01/12 03:30 74o44 19o15 TD 94.9 94.9 JB, JN 1 Spounge   Whole 
Bjornoya 11/01/12 03:30 74o44 19o15 TD 94.9 94.9 JB, JN 1 Starfish Strongylocentrotus arameus Whole 
Bjornoya 11/01/12 03:30 74o44 19o15 TD 94.9 94.9 JB, JN 1 Starfish Urasterias linckii Whole 
Bjornoya 11/01/12 03:30 74o44 19o15 TD 94.9 94.9 JB, JN 1 Shrimp Lebbeus polaris Whole 
Bjornoya 11/01/12 03:30 74o44 19o15 TD 94.9 94.9 JB, JN 1 Starfish Henricia sp. Whole 
Bjornoya 11/01/12 03:30 74o44 19o15 TD 94.9 94.9 JB, JN 1 Ragworm Nereis sp. Whole 
Bjornoya 11/01/12 03:30 74o44 19o15 TD 94.9 94.9 JB, JN 5 Shrimp Lebbeus polaris Whole 
Bjornoya 11/01/12 03:30 74o44 19o15 TD 94.9 94.9 JB, JN 1 Shrimp Spironthocaris spinus Whole 
Bjornoya 11/01/12 03:30 74o44 19o15 TD 94.9 94.9 JB, JN 1 Bracciopod Hemithiris psittica Whole 
Bjornoya 11/01/12 03:30 74o44 19o15 TD 94.9 94.9 JB, JN 4 Holathurian Cucumaraia fromdosa Whole 
Bjornoya 11/01/12 03:30 74o44 19o15 TD 94.9 94.9 JB, JN 44 Sea Urchin Strongylocentrotus sp. Whole 
Rijpfjorden 12/01/12 03:30 80o19 22o15 BC 273 273 NM, EM 1 
Surface 
sediment (0-1 
cm) 
 
Rijpfjorden 12/01/12 09:17 80o18 22o13 BNT 268 268 ES, JB, JN 10 Atlantic Cod Gadus morhua Whole 
Rijpfjorden 12/01/12 09:17 80o18 22o13 BNT 268 268 ES, JB, JN 17 Polar Cod Boreogadus saida Whole 
Rijpfjorden 12/01/12 09:17 80o18 22o13 BNT 268 268 ES, JB, JN 4 Benthic fauna Liparis bathyarcticus Whole 
Rijpfjorden 12/01/12 09:17 80o18 22o13 BNT 268 268 ES, JB, JN 5 Benthic fauna Liparis fabriai Whole 
Rijpfjorden 12/01/12 09:17 80o18 22o13 BNT 268 268 ES, JB, JN 22 Amphipod Anonyx nugax Whole 
Rijpfjorden 12/01/12 09:17 80o18 22o13 BNT 268 268 ES, JB, JN 2 Fish Sebastes ef. mentella Whole 
Rijpfjorden 12/01/12 10:25 80o18 22o13 PNT 255 175 ES, JB, JN 3 
Greenland 
Halibut 
Reinhardtius hippoglossoides Whole 
Rijpfjorden 12/01/12 10:25 80o18 22o13 PNT 255 175 ES, JB, JN 5 Haddock Helanogrammus acglefinus Whole 
Rijpfjorden 12/01/12 10:25 80o18 22o13 PNT 255 175 ES, JB, JN 1 Pelagic fauna Hallatus villosus Whole 
Rijpfjorden 12/01/12 10:25 80o18 22o13 PNT 255 175 ES, JB, JN 5 Fish Sebastes sp. Whole 
Rijpfjorden 12/01/12 10:25 80o18 22o13 PNT 255 175 ES, JB, JN 3 
Unknown 
Shrimp 
  Whole 
Rijpfjorden 12/01/12 10:25 80o18 22o13 PNT 255 175 ES, JB, JN 4 Fish Leptoclinus sp. Whole 
Rijpfjorden 12/01/12 11:46 80o19 22o11 MIK 211 75 
JG, CW, AK, 
AW DP 
3 
Mass 
zooplankton 
   
Rijpfjorden 12/01/12 11:46 80o19 22o11 Deck hose 211 6  1 
Sea water 
filtration 
 
Rijpfjorden 13/07/12 08:00 80o07 22o09 IC   EH, MC, TG 3 Sea ice algae (0-
3cm) 
 
Rijpfjorden 13/07/12 08:00 80o07 22o09 IC   EH, MC, TG 3 Sea ice algae (3-
10cm) 
 
Rijpfjorden 12/01/12 03:30 80o19 22o15 BC 273 273 NM, EM 1 
Sediment 
infauna bulk 
  Whole 
Rijpfjorden 13/01/12 14:40 80o18 22o14 RP 270 270  11 Starfish Asteris sp. Whole 
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Rijpfjorden 13/01/12 14:40 80o18 22o14 RP 270 270  9 
Ananome Type 
1 + Mollusc 
Allantacis sp. Whole 
Rijpfjorden 13/01/12 14:40 80o18 22o14 RP 270 270  4 Scale Worm   Whole 
Rijpfjorden 13/01/12 14:40 80o18 22o14 RP 270 270  1 
Spider Crab 
with ananome 
  Whole 
Rijpfjorden 13/01/12 14:40 80o18 22o14 RP 270 270  5 Brittlestar Ophiura sp. Whole 
Rijpfjorden 13/01/12 14:40 80o18 22o14 RP 270 270  19 Rag worms   Whole 
Rijpfjorden 13/01/12 14:40 80o18 22o14 RP 270 270  1 Atlantic Poacher   Whole 
Rijpfjorden 13/01/12 14:40 80o18 22o14 RP 270 270  1 Eel pout Lycodes Esmarki Whole 
Rijpfjorden 13/01/12 14:40 80o18 22o14 RP 270 270  1 Icelus bicornis   Whole 
Rijpfjorden 12/01/12 10:25 80o18 22o13 PNT 255 175 AK 5 Amphipod Themisto libellula Whole 
Rijpfjorden 12/01/12 03:30 80o19 22o15 BC 273 273 NM, EM 9 
Sediment cores 
(1 cm horizons) 
 
Rijpfjorden 12/01/12 03:30 80o19 22o15 BC 273 273 NM, EM  Sediment Food  
Rijpfjorden 12/01/12 03:30 80o19 22o15 BC 273 273 NM, EM  
Fluorescent 
Beads 
 
Ice station 14/01/12 15:00   Deck hose  6   
Filtered sea 
water 
 
Ice station 15/01/12 02:00 81o44 14o02 IC   EH, TG 3 
Filtered sea ice 
(0-3cm) 
 
Ice station 15/01/12 02:00 81o44 14o02 IC   EH, TG 3 
Filtered sea ice 
(3-10cm) 
 
Shelf Break 16/01/12 03:12 80o34 13o48 BNT 685 685 
JN, CW, AK, 
ES 
4 
Greenland 
Hallibut Full 
stomach 
Reinhardtius hippoglossoides Sub 
Shelf Break 16/01/12 03:12 80o34 13o48 BNT 685 685 
JN, CW, AK, 
ES 
4 
Greenland 
Hallibut Muscle 
tissue 
Reinhardtius hippoglossoides Sub 
Shelf Break 16/01/12 03:12 80o34 13o48 BNT 685 685 
JN, CW, AK, 
ES 
7 
Atlantic Cod 
liver 
Gadus morhua Sub 
Shelf Break 16/01/12 03:12 80o34 13o48 BNT 685 685 
JN, CW, AK, 
ES 
7 
Atlantic Cod 
Muscle 
Gadus morhua Sub 
Shelf Break 16/01/12 03:12 80o34 13o48 BNT 685 685 
JN, CW, AK, 
ES 
5 American Plaice Hippoglassoides platessoides Whole 
Shelf Break 16/01/12 03:12 80o34 13o48 BNT 685 685 
JN, CW, AK, 
ES 
4 
Red Fish Full 
stomach 
Sebastes sp. Sub 
Shelf Break 16/01/12 03:12 80o34 13o48 BNT 685 685 
JN, CW, AK, 
ES 
4 
Red Fish 
Muscle Tissue 
Sebastes sp. Sub 
Shelf Break 16/01/12 03:12 80o34 13o48 BNT 685 685 
JN, CW, AK, 
ES 
1 Shrimp Eggs   Whole 
Shelf Break 16/01/12 03:12 80o34 13o48 BNT 685 685 
JN, CW, AK, 
ES 
5 Shrimp   Whole 
Shelf Break 16/01/12 03:12 80o34 13o48 BNT 685 685 
JN, CW, AK, 
ES 
1 Octopus   Whole 
Shelf Break 16/01/12 03:12 80o34 13o48 BNT 685 685 
JN, CW, AK, 
ES 
2 Squid Gonadus fabricii Whole 
Shelf Break 16/01/12 03:12 80o34 13o48 BNT 685 685 
JN, CW, AK, 
ES 
3 Polar Cod Boreogadus saida Whole 
Shelf Break 16/01/12 03:12 80o34 13o48 BNT 685 685 
JN, CW, AK, 
ES 
1 Starfish Grossaster papposus Whole 
Shelf Break 16/01/12 03:12 80o34 13o48 BNT 685 685 
JN, CW, AK, 
ES 
2 Sea Urchin Strongylocyntrotus droebranchiensis Whole 
Isfjorden 17/01/12 19:57 78o19 15o05 MIK 269 250 AK, JG, CW 2 
Bulk 
zooplankton 
  Whole 
Isfjorden 17/01/12 17:45 78o18 15o12 BNT 274 274 
AK, JB, CW, 
ES 
4 
Sea Tadpole 
Full Stomach 
Careproctus reinhardti Sub 
Isfjorden 17/01/12 17:45 78o18 15o12 BNT 274 274 AK, JB, CW, 4 Sea Tadpole Careproctus reinhardti Sub 
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ES Muscle 
Isfjorden 17/01/12 17:45 78o18 15o12 BNT 274 274 
AK, JB, CW, 
ES 
4 
Atlantic Cod 
Full Stomach 
Gadus morhua Sub 
Isfjorden 17/01/12 17:45 78o18 15o12 BNT 274 274 
AK, JB, CW, 
ES 
4 
Atlantic Cod 
Muscle 
Gadus morhua Sub 
Isfjorden 17/01/12 17:45 78o18 15o12 BNT 274 274 
AK, JB, CW, 
ES 
3 
American Plaice 
Full Stomach 
Hippoglassoides platessoides Sub 
Isfjorden 17/01/12 17:45 78o18 15o12 BNT 274 274 
AK, JB, CW, 
ES 
3 
American Plaice 
Full Muscle 
Hippoglassoides platessoides Sub 
Isfjorden 17/01/12 17:45 78o18 15o12 BNT 274 274 
AK, JB, CW, 
ES 
 Parasites   Whole 
Isfjorden 17/01/12 17:45 78o18 15o12 BNT 274 274 
AK, JB, CW, 
ES 
3 
Red Fish Full 
Stomach 
Sebastes sp. Sub 
Isfjorden 17/01/12 17:45 78o18 15o12 BNT 274 274 
AK, JB, CW, 
ES 
3 
Red Fish Full 
Muscle 
Sebastes sp. Sub 
Isfjorden 17/01/12 17:45 78o18 15o12 BNT 274 274 
AK, JB, CW, 
ES 
2 Haddock Helanogrammus acglefinus Whole 
Isfjorden 17/01/12 17:45 78o18 15o12 BNT 274 274 
AK, JB, CW, 
ES 
4 Atlantic Poacher Agonus decagonus Whole 
Isfjorden 17/01/12 17:45 78o18 15o12 BNT 274 274 
AK, JB, CW, 
ES 
1 Crab Hyas areneaus Whole 
Isfjorden 17/01/12 17:45 78o18 15o12 BNT 274 274 
AK, JB, CW, 
ES 
1 
Atlantic Spiny 
lumpsucker 
Eumicrotremus spinosus Whole 
Isfjorden 17/01/12 17:45 78o18 15o12 BNT 274 274 
AK, JB, CW, 
ES 
1 Bivalve Giliatocasdinin ciliatum Whole 
Isfjorden 17/01/12 17:45 78o18 15o12 BNT 274 274 
AK, JB, CW, 
ES 
2 Snail Bucciunum sp. Whole 
Isfjorden 17/01/12 17:45 78o18 15o12 BNT 274 274 
AK, JB, CW, 
ES 
1 Brittlestar Ophiosolpx glacialis Whole 
Isfjorden 17/01/12 17:45 78o18 15o12 BNT 274 274 
AK, JB, CW, 
ES 
2 Amphipod Stegocephalus inflatus Whole 
Isfjorden 17/01/12 17:45 78o18 15o12 BNT 274 274 
AK, JB, CW, 
ES 
3 Snakeblenny Lumpenus lampretaeformis Whole 
Isfjorden 17/01/12 17:45 78o18 15o12 BNT 274 274 
AK, JB, CW, 
ES 
3 Shrimp Pandullus borealis Whole 
Isfjorden 17/01/12 17:45 78o18 15o12 BNT 274 274 
AK, JB, CW, 
ES 
5 Polar Cod Liver Boreogadus saida Sub 
Isfjorden 17/01/12 17:45 78o18 15o12 BNT 274 274 
AK, JB, CW, 
ES 
1 
Bulk shrimp 
eggs 
  Whole 
Isfjorden 17/01/12 17:45 78o18 15o12 BNT 274 274 AK 5 Amphipod Anonyx nugax Whole 
Adventfjorden 17/01/12 22:08 78o16 15o31 MIK 98 35 JG 1 
Bulk 
chaetognaths 
  Whole 
Adventfjorden 17/01/12  78o16 15o31 Shot gun   JB 2 
Brunnich's 
Guillemot 
Uria lomvia Whole 
Isfjorden 18/01/12 01:29 78o20 15o08 BC 268 268 NM, EM 1 
Sediment core 
(1 cm horizons) 
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APPENDIX 2. Sampling log from the MOSJ cruise (July 2012) 
 
Sampling station Date Time 
GPS 
N 
GPS 
E 
Sampling 
instrument 
Bottom water 
depth (m) 
Trawled 
depth (m) 
Co-samplers Replicates Type of sample Genus Species 
Whole or 
sub sample 
KB5 13/07/12 01:45 78o53 12o26 TD 49 49 WA, NM 1 
Surface sediment (0-
1 cm) 
 
KB5 13/07/12 01:45 78o53 12o26 TD 49 49 WA, NM 2 Starfish Henricia sp. Whole 
KB5 13/07/12 01:45 78o53 12o26 TD 49 49 WA, NM 1 Worm - Siponculide   Whole 
KB5 13/07/12 01:45 78o53 12o26 TD 49 49 WA, NM 1 Clam Macoma calcarea Whole 
KB5 13/07/12 01:45 78o53 12o26 TD 49 49 WA, NM 2 
Fish - Spotted 
sname blenny 
Leptoclinus maculatus Whole 
KB3 13/07/12 09:30 78o57 11o57 MN 336 20-0 JS, DF 33 Jellyfish Mertensia ovum Whole 
KB3 13/07/12 10:30 78o57 11o57 MIK 336 336-0 MD, AW 105 Amphipod Themisto libellua Whole  
KB3 13/07/12 10:30 78o57 11o57 MIK 336 336-0 MD, AW 97 Krill Thysanoessa sp. Whole  
KB3 13/07/12 10:30 78o57 11o57 MIK 336 336-0 MD, AW 80 Chaetognaths Sagilta sp. Whole  
KB3 13/07/12 10:30 78o57 11o57 MIK 336 336-0 MD, AW 1 Bulk zooplankton   Whole 
KB3 13/07/12 10:30 78o57 11o57 MIK 336 336-0 MD, AW 2 Bulk Calanus Calanus 
hyperboreus, glacialis and 
finmarchicus 
Whole 
KB3 13/07/12 10:30 78o57 11o57 BR 336 1  1 Filtered sea water  
KB3 13/07/12 AM 78o57 11o57 SP 336 0-3cm MM 1 
Surface sediment (0-
1 cm) 
 
KB3 13/07/12 AM 78o57 11o57 WP3 336 50-0 JS, DF 36 Jellyfish Mertensia ovum Whole  
Gludneset 13/07/12 AM 78o54 12o07 ID 22 22 
HH, WA, MV, 
JR, PL, CW 6 Adductor Muscle Serripes groenlandicus Sub 
Gludneset 13/07/12 AM 78o54 12o07 ID 22 22 
HH, WA, MV, 
JR, PL, CW 6 Foot Serripes groenlandicus Sub 
Gludneset 13/07/12 AM 78o54 12o07 ID 22 22 
HH, WA, MV, 
JR, PL, CW 6 
Digestive gland inc 
stomach 
Serripes groenlandicus Sub 
Gludneset 13/07/12 AM 78o54 12o07 ID 22 22 
HH, WA, MV, 
JR, PL, CW 6 Intestines Serripes groenlandicus Sub 
Gludneset 13/07/12 AM 78o54 12o07 ID 22 22 
HH, WA, MV, 
JR, PL, CW 2 Foot Mya trancata Sub 
Gludneset 13/07/12 AM 78o54 12o07 ID 22 22 
HH, WA, MV, 
JR, PL, CW 
5 Adductor Muscle Mya trancata Sub 
Gludneset 13/07/12 AM 78o54 12o07 ID 22 22 
HH, WA, MV, 
JR, PL, CW 
6 
Digestive gland inc 
stomach 
Mya trancata Sub 
KB0 14/07/12 AM 79o02 11o07 BR 322 1  1 Filtered sea water  
KB0 14/07/12 AM 79o02 11o07 MIK 322 322-0 MD, AW 9 Jellyfish Beroe Cucumis Whole 
KB0 14/07/12 AM 79o02 11o07 MIK 322 322-0 MD, AW 79 Chaetognaths 
Sagritta and 
Ehkrohnia 
elegans and hamata Whole 
KB0 14/07/12 AM 79o02 11o07 MIK 322 322-0 MD, AW 6 Jellyfish Mertensia ovum Whole  
KB0 14/07/12 AM 79o02 11o07 MIK 322 322-0 MD, AW 90 Amphipods Themisto Abyssorum Whole  
KB0 14/07/12 AM 79o02 11o07 MIK 322 322-0 MD, AW 54 Amphipods Themisto libellua Whole 
KB0 14/07/12 AM 79o02 11o07 MIK 322 322-0 MD, AW 110 Calanus Calanus hyperboreus Whole  
KB0 14/07/12 AM 79o02 11o07 MIK 322 322-0 MD, AW 4 Krill Meganycthiphanes norvegica Whole  
KB0 14/07/12 AM 79o02 11o07 MIK 322 322-0 MD, AW 2 Krill Thysanoessa inermis Whole 
KB0 14/07/12 AM 79o02 11o07 MIK 322 322-0 MD, AW 2 Krill Thysanoessa longicaudata Whole  
KB0 14/07/12 AM 79o02 11o07 MIK 322 322-0 MD, AW 1 Bulk Calanus Calanus 
finmarchicus, glacialis and 
few hyperboreus 
Whole 
Princecarles 
Forlandet 
14/07/12 PM 78o47 11o01 ID 10 10 
HH, WA, MV, 
JR, PL, CW 
6 Foot Serripes groenlandicus Sub 
Princecarles 14/07/12 PM 78o47 11o01 ID 10 10 HH, WA, MV, 6 Digestive gland inc Serripes groenlandicus Sub 
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Forlandet JR, PL, CW stomach 
Princecarles 
Forlandet 
14/07/12 PM 78o47 11o01 ID 10 10 
HH, WA, MV, 
JR, PL, CW 
6 Intestines Serripes groenlandicus Sub 
Princecarles 
Forlandet 
14/07/12 PM 78o47 11o01 ID 10 10 
HH, WA, MV, 
JR, PL, CW 
6 Adductor muscle Serripes groenlandicus Sub 
Princecarles 
Forlandet 
14/07/12 PM 78o47 11o01 ID 10 10 
HH, WA, MV, 
JR, PL, CW 
2 Whole clam Mya trancata Whole 
Princecarles 
Forlandet 
14/07/12 PM 78o47 11o01 ID 10 10 
HH, WA, MV, 
JR, PL, CW 
5 Whole clam Serripes groenlandicus Whole 
Brardalspynten 13/07/12 PM 78o56 11o51 ID 15 15 
HH, WA, MV, 
JR, PL, CW 
5 Foot Serripes groenlandicus Sub 
Brardalspynten 13/07/12 PM 78o56 11o51 ID 15 15 
HH, WA, MV, 
JR, PL, CW 
5 
Digestive gland inc 
stomach 
Serripes groenlandicus Sub 
Brardalspynten 13/07/12 PM 78o56 11o51 ID 15 15 
HH, WA, MV, 
JR, PL, CW 
5 Intestines Serripes groenlandicus Sub 
Brardalspynten 13/07/12 PM 78o56 11o51 ID 15 15 
HH, WA, MV, 
JR, PL, CW 
5 Adductor muscle Serripes groenlandicus Sub 
V6 14/07/12 01:45 78o54 07o45 MIK 1132 1000-0 MD 60 Chaetognaths 
Sagilta and 
Eukrohnia 
sp. and hamata Whole 
V6 14/07/12 01:45 78o54 07o45 MIK 1132 1000-0 MD 76 Calanus Calanus hyperboreus Whole  
V6 14/07/12 01:45 78o54 07o45 MIK 1132 1000-0 MD 56 Amphipods Themisto abyssorum Whole  
V6 14/07/12 01:45 78o54 07o45 MIK 1132 1000-0 MD 76 Amphipods Themisto libellua Whole  
V6 14/07/12 01:45 78o54 07o45 MIK 1132 1000-0 MD 1 Bulk zooplankton   Whole 
V6 14/07/12 01:45 78o54 07o45 MIK 1132 1000-0 MD 2 Jellyfish Beroê cucumis Whole  
V6 14/07/12 01:45 78o54 07o45 MIK 1132 1000-0 MD 8 Krill Meganycthiphanes norvegica Whole  
V6 14/07/12 01:45 78o54 07o45 MIK 1132 1000-0 MD 50 Copepod Euchacta norvegica Whole  
V6 14/07/12 01:45 78o54 07o45 MIK 1132 1000-0 MD 9 Copepod Euchacta barbarta Whole 
V6 14/07/12 01:45 78o54 07o45 MIK 1132 1000-0 MD 1 Zooplankton Cyclocaris guilelmi Whole  
R3(a) 16/07/12 00:00 80o17 22o17 BR 244 1  1 Filtered sea water  
R3(a) 16/07/12 00:00 80o17 22o17 TT 244 225-0 CW 2 Ice fauna Apherusa glacialis Whole 
R3(a) 16/07/12 00:00 80o17 22o17 TT 244 225-0 CW 22 Ice fauna Gammerus witziki Whole 
R3(a) 16/07/12 00:00 80o17 22o17 TT 244 225-0 CW 7 Jellyfish Beroë cucumis Whole 
R3(a) 16/07/12 00:00 80o17 22o17 TT 244 225-0 CW 42 Jellyfish Euphysia flammae Whole 
R3(a) 16/07/12 00:00 80o17 22o17 TT 244 225-0 CW 5 Jellyfish Beroë cucumis Whole 
R3(a) 16/07/12 00:00 80o17 22o17 TT 244 225-0 CW 5 Fish larvae   Whole 
R3(a) 16/07/12 02:30 80o17 22o17 MIK 244 220 CW 3 Bulk zooplankton   Whole 
R3(a) 16/07/12 02:30 80o17 22o17 MIK 244 220 CW 2 Bulk calanus   Whole 
R3(a) 16/07/12 02:30 80o17 22o17 MIK 244 75 CW 14 Pterrepod Clione limacina Whole 
R3(a) 16/07/12 00:00 80o17 22o17 TT 244 225-0 CW 96 Krill Thysanoessa inermis Whole  
R3(a) 16/07/12 12:30 80o17 22o17 MIK 272 20 CW 8 Jellyfish Mertensia ovum Whole 
R3(a) 16/07/12 12:30 80o17 22o17 MIK 272 20 CW 55 Jellyfish Euphysia flammae Whole 
R3(a) 16/07/12 12:30 80o17 22o17 MIK 272 20 CW 12 Krill Thysanoessa inermis Whole  
R3(a) 16/07/12 12:30 80o17 22o17 MIK 272 20 CW 62 Pterrepod Limacina helincina Whole 
R3(a) 16/07/12 12:30 80o17 22o17 MIK 272 75 CW 44 Jellyfish Euphysia flammae Whole 
R3(b) 15/07/12 08:47 80o25 22o02 VVG 208 208 WA, NM 1 Brittlestar Ophiura bidentata Whole 
R3(b) 15/07/12 08:47 80o25 22o02 VVG 208 208 WA, NM 4 Brittlestar Ophiura satsi Whole 
R3(b) 15/07/12 08:47 80o25 22o02 VVG 208 208 WA, NM 2 Clam Astarte sulcata Whole 
R3(c) 17/07/12 02:20 80o19 22o15 VVG 265 265 WA, NM, JR 1 
Surface sediment (0-
1 cm) 
 
R3(c) 17/07/12 02:20 80o19 22o15 VVG 265 265 WA, NM, JR 3 Polycheate worm   Whole 
R3(c) 17/07/12 02:20 80o19 22o15 MC 265 265 WA, NM, JR 2 
Sediment core (1 cm 
horizons) 
 
Vinbukta 16/07/12 11:00 80o17 22o32 ID 20 20 
HH, WA, MV, 
JR, PL, CW 
9 Brittlestar Ophiopholis aculeata Whole 
Vinbukta 16/07/12 11:00 80o17 22o32 ID 20 20 
HH, WA, MV, 
JR, PL, CW 
6 Foot Serripes groenlandicus Sub 
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Vinbukta 16/07/12 11:00 80o17 22o32 ID 20 20 
HH, WA, MV, 
JR, PL, CW 
6 
Digestive gland inc 
stomach 
Serripes groenlandicus Sub 
Vinbukta 16/07/12 11:00 80o17 22o32 ID 20 20 
HH, WA, MV, 
JR, PL, CW 
6 Intestines Serripes groenlandicus Sub 
Vinbukta 16/07/12 11:00 80o17 22o32 ID 20 20 
HH, WA, MV, 
JR, PL, CW 
6 Adductor muscle Serripes groenlandicus Sub 
Vinbukta 16/07/12 11:00 80o17 22o32 ID 20 20 
HH, WA, MV, 
JR, PL, CW 
2 Whole clam Serripes groenlandicus Whole 
R1 16/07/12 20:15 80o07 22o09 VVG 190 1  1 
Surface sediment (0-
1 cm) 
   
R1 16/07/12 20:15 80o07 22o09 BR 190 1  1 Filtered sea water    
R1(b) 16/07/12 16:45 80o13 22o22 BR  1  1 Filtered sea water    
Erkna Island 16/07/12 21:00 80o09 22o18 ID 23 23 
HH, WA, MV, 
JR, PL, CW 
8 Sea Urchin Strongylocentrotus sp. Whole 
Erkna Island 16/07/12 21:00 80o09 22o18 ID 23 23 
HH, WA, MV, 
JR, PL, CW 
2 Spider Crab   Whole 
Erkna Island 16/07/12 21:00 80o09 22o18 ID 23 23 
HH, WA, MV, 
JR, PL, CW 
6 
Digestive gland inc 
stomach 
Serripes groenlandicus Sub 
Erkna Island 16/07/12 21:00 80o09 22o18 ID 23 23 
HH, WA, MV, 
JR, PL, CW 
6 Intestines Serripes groenlandicus Sub 
Erkna Island 16/07/12 21:00 80o09 22o18 ID 23 23 
HH, WA, MV, 
JR, PL, CW 
6 Adductors Muscle Serripes groenlandicus Sub 
Erkna Island 16/07/12 21:00 80o09 22o18 ID 23 23 
HH, WA, MV, 
JR, PL, CW 
4 Whole clam Serripes groenlandicus Whole 
Parry Island 17/07/12 13:00 80o38 20o47 ID 20 20 
HH, WA, MV, 
JR, PL, CW 
1 Crab Hyas sp. Whole 
Parry Island 17/07/12 13:00 80o38 20o47 ID 20 20 
HH, WA, MV, 
JR, PL, CW 
6 Sea Urchin insides Strongylocentrotus sp. Sub 
Parry Island 17/07/12 13:00 80o38 20o47 ID 20 20 
HH, WA, MV, 
JR, PL, CW 
1 Starfish Henricia sp. Whole 
Parry Island 17/07/12 13:00 80o38 20o47 ID 20 20 
HH, WA, MV, 
JR, PL, CW 
1 Welk   Whole 
Parry Island 17/07/12 13:00 80o38 20o47 ID 20 20 
HH, WA, MV, 
JR, PL, CW 
2 Clam Mya trancata Whole 
Parry Island 17/07/12 13:00 80o38 20o47 ID 20 20 
HH, WA, MV, 
JR, PL, CW 
2 Clam Hiatella arctica Whole 
Parry Island 17/07/12 13:00 80o38 20o47 ID 20 20 
HH, WA, MV, 
JR, PL, CW 
1 Anamone   Whole 
Parry Island 17/07/12 13:00 80o38 20o47 ID 20 20 
HH, WA, MV, 
JR, PL, CW 
6 
Clam Insides 
(except foot) 
Mya trancata Sub 
R4 17/07/12 09:30 80o32 22o12 MIK 220 200-0 AW, MD 1 Ice fauna Gammaruz wilkitzki Whole 
R4 17/07/12 09:30 80o32 22o12 MIK 220 200-0 AW, MD 2 Ice fauna Onisimus glacialis Whole 
R4 17/07/12 09:30 80o32 22o12 VVG 220 220 WA 1 
Surface sediment (0-
1 cm) 
 
R5 17/07/12 11:00 80o55 21o26 VVG 220 220 WA, NM, JR 1 
Surface sediment (0-
1 cm) 
 
R5 17/07/12 11:00 80o55 21o26 VVG 220 220 WA, NM, JR 1 Brittlestar Ophiopholis aculeata Whole 
Ice station 18/07/2012 17:00 81o23 15o13 IC 2200  JW, AnK MM 3 
Filtered sea ice (0-
3cm) 
 
Ice station 18/07/2012 17:00 81o23 15o13 IC 2200  JW, AnK MM 3 
Filtered sea ice (3-
10cm) 
 
Ice station 18/07/2012 19:00 81o23 15o13 MIK 2200 1300-0 AW, MD 51 Copepod Calanus hyperboreus Whole  
Ice station 18/07/2012 19:00 81o23 15o13 MIK 2200 1300-0 AW, MD 8 Amphipod Themisto libellua Whole  
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Ice station 18/07/2012 19:00 81o23 15o13 MIK 2200 1300-0 AW, MD 16 Amphipod Themisto abyssorum Whole  
Ice station 18/07/2012 19:00 81o23 15o13 MIK 2200 1300-0 AW, MD 20 Chaetognaths Sagilta sp. Whole  
Ice station 18/07/2012 19:00 81o23 15o13 MIK 2200 1300-0 AW, MD 5 Amphipods Cyclocaris guilelmi Whole  
Ice station 18/07/2012 22:00 81o23 15o13 ID - SP 2200 6-7 
HH, MV, CW, 
PL, JR 
4 Ice fauna Onisimis nanseni Whole  
Ice station 18/07/2012 22:00 81o23 15o13 ID - SP 2200 6-7 
HH, MV, CW, 
PL, JR 
7 Ice fauna Onisimis glacialis Whole  
Ice station 18/07/2012 22:00 81o23 15o13 ID - SP 2200 6-7 
HH, MV, CW, 
PL, JR 
186 Ice fauna Apherosa glacialis Whole  
Ice station 18/07/2012 22:00 81o23 15o13 ID - SP 2200 6-7 
HH, MV, CW, 
PL, JR 
5 Ice fauna Gammarus wilkitzkii Whole 
Ice station 18/07/2012 22:00 81o23 15o13 ID - SP 2200 6-7 
HH, MV, CW, 
PL, JR 
1 Ice algae   Sub 
Ice station 18/07/2012 22:00 81o23 15o13 ID - SP 2200 6-7 
HH, MV, CW, 
PL, JR 
1 Polar Cod Boreogadus saida Whole  
Isfjorden 21/07/12 09:45 78o19 15o08 SC 262 262 WA, NM, JR 2 
Sediment cores (1 
cm horizons) 
 
 
 
102 
 
 
Sampling instrument 
BC Box core 
BNT Bottom net trawl 
BR Bucket and rope 
IC Ice corer 
ID Ice divers 
ID-SP Ice divers – suction pump 
MC Multi-core 
MIK MIK net 
PNT Pelagic net trawl 
RP RP sledge 
SC Single core 
SP Sediment probe 
TD Triangle dredge 
TT Tucker trawl 
VVG Van Veen Grab 
WP3 WP3 net 
Co-samplers 
AK Angelina Kraft AWI 
AnK Anna Kubiszyn IOPAS 
AW Annette Wold NPI 
CW Claire Webster University of St Andrews 
DF Daniella Freese UNIS/AWI 
DP David Pond BAS 
EH Else Hegseth UiT 
EM Emma Michaud LEMAR 
ES Eike Stubbner UNIS 
HH Haakon Hop NPI 
JB Jorgen Berge UNIS 
JG Jordan Grigor Universite Laval 
JN Jasmine Nahrgang UNIS 
JR Joellë Richard LEMAR 
JS Janne Søreide UNIS 
JW Jozef Wictor IOPAS 
MC Maria Calleja CSIC 
MD Malin Daase NPI 
MM Miriam Marquardt UNIS 
MV Mikko Vihtakari NPI 
NM Nathalie Morata LEMAR 
PL Peter Leopold NPI 
TG Tove Gabrielsen UNIS 
WA William Ambrose APN 
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